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ABSTRACT
Widespread bird species endemic to the lowlands of the Guineo-Congolian rainforest of
Africa have traditionally been thought to lack substantial intraspecific structure. This view owes
largely to their widespread distributions coupled with the absence of discrete geographic
variation in plumage. In the following chapters I examine the phylogeographic patterns of three
such species using a combination of molecular and morphometric data. The three species
investigated are the Green Hylia (Hylia prasina), the Red-tailed Bristlebill (Bleda syndactylus),
and the Yellow-whiskered Greenbul (Andropadus latirostris). Using the phylogeographic
patterns from these data, I assess 1) models of rainforest species diversification, 2) current
taxonomy, and 3) implications for conservation of lowland rainforests.
In contrast to the lack of discrete plumage variation in these species, phylogeographic
analyses reveal a high degree molecular and morphological divergence. Furthermore, general
patterns of geographical structure of the mtDNA data are largely congruent among the three
species. Each species has unique mtDNA haplotype groups in Liberia, Ghana, CameroonGabon, Central African Republic, and the eastern Democratic Republic of Congo. Andropadus
latirostris, which also occurs in montane forests, has unique haplotype groups in these montane
regions. Taken together the patterns of geographic variation in molecular and morphological
datasets from these three species suggest a history of allopatric divergence via genetic drift,
consistent with predictions of refugial diversification. There is also some evidence for a
potential role for divergent selection along a longitudinal temperature gradient in shaping the
morphometric diversity in Andropadus latirostris.
Despite their widespread distributions and the potential for high gene flow, these three
species exhibit a remarkable level of geographic structure across the lowland rainforest. This
contradicts the prevailing view of widespread lowland species as large panmictic populations.
v

This significant geographic structure has important implications for species and habitat
conservation in Africa, where lowland forest is typically viewed as a continuous block of
homogenous habitat. The implication is habitat loss in one area would not result in a substantial
loss of biodiversity because many of the species are widely distributed. The geographic structure
evident in these data suggests that that is not the case.
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CHAPTER 1. INTRODUCTION
Tropical rainforests harbor the highest species diversity and endemism on the planet. The
occurrence of such remarkable diversity led some of the earliest biogeographers to ponder the
evolutionary mechanisms responsible for producing it. The model they sought would have
general explanatory power and take into account the wide variety of forces that can cause
diversification, including vagaries of geological history, natural selection, and drift. However,
the model has proved elusive, and 100-year search for it has created a great deal of debate among
researchers interested in biodiversity. In my dissertation I focus on the Afrotropics, and
specifically the diversity of the Guineo-Congolian lowland rainforest avifauna. My primary goal
is to reconcile the debate about the forces of tropical diversification, specifically as it pertains to
Africa, by careful examination of genetic and morphological variation in birds of the rainforest.
The lowland rainforest of sub-Saharan Africa extends from Sierra Leone in the west
through the Democratic Republic of Congo and western Uganda in the east. This broad expanse
of forest is currently fragmented into two major blocks by the Dahomey Gap (in Benin), where
woodland savanna habitat that lies north of the forest extends all the way south to the Gulf of
Guinea. The forest to the west of the Dahomey Gap is known as the Upper Guinea (UG) forest
block. To the east is the Lower Guinea (LG) forest block, which can be further subdivided into
Western (WLG) and Eastern Lower Guinea (ELG) across the Congo basin (Mayr and O’Hara
1986). These major divisions in the Guineo-Congolian forest correspond areas of endemism and
to the putative locations of forest refugia (Figure 1.1).
In the Afrotropics, three models have dominated discussions of species diversification.
The original model (Chapin 1932, Moreau 1954, Fjeldså 1994) evokes natural selection acting
across ecotones (habitat transitions) along the periphery of the lowland rainforest. This model
was first proposed as a mechanism to explain the dramatic species turnover across the transition
1

Figure 1.1. Contemporary distribution of the Guineo-Congolian forest (gray shading). Dotted
lines demarcate the hypothesized locations of three main refugial areas (Mayr and O’Hara 1986).
Green shading demarcates the locations of five refugial areas proposed by various authors
(Crowe and Crowe 1982, Prigogine 1988).
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from savanna to rainforest habitats (Chapin 1923, 1932) and lowland to montane rainforest
habitats (Moreau 1954). For example, Moreau (1954) categorized rainforest passerine birds into
two groups: those with primarily lowland distributions (<1500m) and those primarily montane
(>1500m). Of the 216 species he categorized as lowland, none also occurred in savanna, and
only 14 were found with any regularity in montane regions. The recent work of Smith et al.
(1997, 2001, 2005) provides empirical support for the model of selection across habitats. They
examined molecular and morphometric differences in populations of the Little Greenbul
(Andropadus virens), contrasting patterns of variation among rainforest (closed canopy) and
ecotone forest (open canopy) populations with variation within each of these habitats. A high
degree of morphometric divergence was found between closed and open canopy populations of
A. virens despite moderate levels of gene flow. On the other hand, populations of A. virens
inhabiting presumably identical closed canopy forest habitats in Ivory Coast and Cameroon were
morphometrically similar despite reduced levels of gene flow (relative to forest/ecotone
comparisons).
The second model of diversification is the Refuge Hypothesis. In this case, lowland
forest taxa are thought to differentiate by genetic drift in allopatry driven by cyclic
redistributions in response to climatic fluctuations (Haffer 1969 for South America; Diamond
and Hamilton 1980, Crowe and Crowe 1982, Mayr and O’Hara 1986, for Africa). In the
Afrotropics, the Refuge Hypothesis was proposed as a mechanistic explanation for congeneric
and subspecific disjunctions across lowland forests (Diamond and Hamilton 1980). This model
posits that periods of increased global cooling throughout the late Tertiary and into the
Quaternary let to reduced rainfall in tropical areas. The resulting increase in aridity caused
contraction of widespread lowland forests into refugial islands of suitable habitat. Previously
widespread forest taxa followed the shrinking forest and became isolated in the islands,
4

surrounded by a matrix of inhospitable savanna. Populations diverged while in the refuges via
drift. During warming periods, with increased rainfall and associated forest expansion, isolated
populations dispersed with expanding forests, eventually coming back into contact. Repeated
episodes of population bottlenecks followed by expansion resulted in divergence and
reproductive isolation at secondary contact.
The third model is a variation on the Refuge hypothesis, because it also implicates
genetic drift acting on allopatric populations. However, instead of lowland refugia, the refuges
were centered in montane regions. This model was initially proposed to account for similarities
among bird communities in disjunct montane localities surrounded by matrices of inhospitable
habitat (Moreau 1954). Fjeldså and Lovett (1997) provided a recent synthesis of the model.
They suggested that phylogenetic patterns evident in the DNA-DNA hybridization data of Sibley
and Ahlquist (1990), when considered in light of species distributions, indicated that species with
restricted ranges tended to be centered in montane regions. This pattern was assumed to indicate
that centers of recent diversification were not only in the forest savanna ecotonal areas (Fjeldså
1994, Smith et al. 1997), but also in topographically diverse, ecologically stable montane
regions. A corollary of this model is that lowland forests represent biological ‘museums’, and
accumulate species that originated in montane and ecotonal regions and conserve elements of
ancient diversification rather than act as centers of contemporary change (Fjeldså and Lovett
1997, Fjeldså et al 2007). In contrast to the recent support for ecotonal and montane
diversification models, empirical examples of diversification in birds restricted to lowland forests
are rare (Beresford and Cracraft 1999, Beresford 2003). The lack of empirical support for
lowland diversification has been taken as support for the lowland forest museum hypothesis
(Fjeldså and Lovett 1997, Fjeldså et al. 2005). Evidence for low diversification rates in lowland
rainforest species comes from two recent studies on two different continents. Weir (2006)
5

assessed relative diversification rates of montane and lowland groups of Amazonian birds. He
found the rate of diversification in lowland birds to be relatively slow from the Miocene to the
present. However, montane Amazonian birds exhibited a relatively fast rate of diversification
over that same time span, especially within the last million years. Support specific to the
Afrotropics comes from an analysis of the Pycnonotidae by Fjeldså et al. (2007). They
constructed a supertree using published molecular phylogenies that portrayed the radiation of
African bulbuls. Then they estimated relative ages of each taxon based on the number of nodes
between terminal taxa and the basal node of the consensus tree. Relative ages were compared to
the distributions of each terminal taxon. New species tended to have small geographic ranges,
and congregated in montane areas whereas old, widespread species dominated the lowlands. The
widespread distributions and ‘old’ ages of the lowland species were viewed as an indication of
panmixia for such species.
Many widespread lowland forest species are indeed, on the surface, morphologically
homogeneous or exhibit marginal variation in plumage across their ranges (Diamond and
Hamilton 1980, Mayr and O’Hara 1986). Because phylogeographic studies of widespread
lowland rainforest species have demonstrated that species that appear outwardly uniform often
comprise a remarkable degree of geographically structured genetic diversity (e.g., Zou et al.
2007 in Southeast Asia; Marks et al. 2002, Aleixo 2004, Cheviron et al. 2005 in South America;
Beresford and Cracraft 1999 in Africa; Miura and Edwards 2001 in Australia), their phenotypic
uniformity cannot be explained by high rates of gene flow.
To improve our understanding of underlying genetic variation in bird species of the
Afrotropical rainforest, I use a combination of molecular and morphometric data to analyze
phylogeographic structure in three species: Chapter 1the Red-tailed Bristlebill (Bleda
syndactylus); Chapter 2 the Yellow-whiskered Greenbul (Andropadus latirostris); and Chapter 3
6

the Green Hylia (Hylia prasina). Each is widely distributed across the Guineo-Congolian forest
and inhabits all three of the major refugial areas (UG, WLG, and ELG) proposed by Diamond
and Hamilton (1980) and Mayr and O’Hara (1986), as well as areas proposed more recently in
refined studies (Crowe and Crowe 1982, Prigogine 1988; Figure 1.1). The main goal of this
project is to assess the degree of diversification within the Guineo-Congolian forest and in the
process shed light on the models proposed for rainforest species diversification and on issues in
Afrotropical bird conservation.
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CHAPTER 2: PHYLOGEOGRAPHY OF THE RED-TAILED BRISTLEBILL (BLEDA
SYNDACTYLUS)
Introduction
Debate over the mechanisms of speciation or species diversification in the Afrotropics
has centered on two main issues. The first is among the most strongly contested issues among
students of speciation (Coyne and Orr 2004). This point of contention involves the primary
evolutionary force responsible for speciation and debate is centered on whether genetic drift or
natural selection plays a larger role. Related to this first issue is the biogeography of speciation;
whether allopatric or parapatric populations are more prone to speciate. The second issue brings
in a specific geographic component to the diversification process. Namely, are the centers of
diversification on the periphery of the lowland rainforest (in ecotonal regions, or mountainous
regions) or has diversification occurred within the lowland forests (usually thought to involve
isolation in lowland forest refuges)? Here, I focus on the latter issue.
The lowland rainforest of sub-Saharan extends from Sierra Leone in the west through the
Democratic Republic of Congo and western Uganda in the east. This broad expanse of forest is
currently fragmented into two major blocks by the Dahomey Gap (in Benin), where woodland
savanna habitat that lies north of the forest extends all the way south to the Gulf of Guinea. The
forest to the west of the Dahomey Gap is known as the Upper Guinea (UG) forest block. To the
east is the Lower Guinea (LG) forest block, which can be further subdivided into Western
(WLG) and Eastern Lower Guinea (ELG) across the Congo basin (Mayr and O’Hara 1986).
These major divisions in the Guineo-Congolian forest correspond to the putative locations of
forest refugia (Figure 2.1). The distributional patterns of the avifauna of these forests have
played an important role in the formation of several pervasive themes in biogeography and
models of species diversification (e.g., Chapin 1932, Moreau 1966, Hall and Moreau 1970, Snow
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1978, Endler 1982, Mayr and O’Hara 1986, Prigogine 1988, Fjeldså 1994, Fjeldså and Lovett
1997).
In the Afrotropics, the three models of diversification that have garnered the most
attention illustrate the points of debate introduced above. In chronological order, they are: 1)
natural selection acting on parapatrically distributed populations across the vast forest-savanna
ecotone that borders the lowland rainforest (Chapin 1923, 1932, Endler 1982, Fjeldså and Lovett
1997, Smith et al. 1997), 2) the Refuge Hypothesis, in which genetic drift acts on temporarily
allopatric lowland forest taxa (Moreau, 1954, 1966, Diamond and Hamilton 1980, Mayr and
O’Hara 1986, Prigogine 1988), and 3) genetic drift acting on allopatric populations in
topologically structured and environmentally stable montane regions (Moreau, 1954, Fjeldså and
Lovett 1997, Roy 1997).
In contrast to the recent support for diversification in ecotonal (Smith et al. 1997, 2005)
and montane regions (Roy 1997, Roy et al. 2001, others reviewed in Kahindo et al. 2007),
empirical examples of diversification within the lowland forests are rare (Beresford and Cracraft
1999, Beresford 2003). Because few studies have specifically addressed diversification in
species endemic to Afrotropical lowland forest, the idea that lowland forests were not speciation
centers but instead acted as ‘museums’ conserving elements of ancient diversification and
accumulating species that originated elsewhere has gained momentum (Fjeldså and Lovett 1997,
Fjeldså et al. 2005). Recent empirical support for low diversification rates in lowland rainforest
species comes from two recent studies from two continents. Weir (2006) assessed relative
diversification rates of montane and lowland groups of Amazonian birds. He found a reduced
rate of diversification from the Miocene to the present for the lowland avifauna of Amazonia.
Conversely, the montane Amazonian avifauna showed an increased rate of diversification over
that same time span, especially within the last million years. Support specific to the Afrotropics
9

Figure 2.1. Sampling localities for B. syndactylus samples used in this study and hypothesized
locations of refugial areas in the Afrotropical lowlands adapted from Mayr and O’Hara (1986,
dotted lines), and Prigogine (1988, shaded areas).
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comes from an analysis of the bulbuls and greenbuls in the Pycnonotidae (Fjeldså et al. 2007).
Fjeldså et al. (2007) built a supertree for the African radiation of bulbuls using published
molecular phylogenies (Cibois et al. 2001, Pasquet et al. 2001, Moyle and Marks 2006,
Johannson et al. 2007). Their estimates of diversification rates came from relative ages of each
taxon based on terminal the number of nodes separating terminal taxa from the basal node in the
consensus tree. ‘New’ species had longer tip to base distances than ‘old’ species. They then
related the information from the phylogenetic hypothesis to distributional data for each species.
‘New’ species tended to have restricted geographic ranges and were congregated in montane
areas whereas ‘old’, widespread species dominated the lowlands.
Many widespread lowland forest species in the Afrotropics are, on the surface,
morphologically homogenous or show clinal variation in plumage across their ranges (Diamond
and Hamilton 1980, Mayr and O’Hara 1986). The deficiency of evidence to the contrary has
reinforced the belief that such species are panmictic throughout their ranges. For example,
Fjeldså et al. (2005) observed: “Despite the significant age of the lowland species [in Africa],
and some subspecific variation, the morphological variation does not indicate gene flow breaks
or raise doubt about the monophyly of currently recognized species.” However,
phylogeographic studies of widespread lowland rainforest species have demonstrated that species
that appear outwardly uniform or exhibit subtle plumage variation actually comprise a
remarkable degree of geographically structured genetic diversity (e.g., Zou et al. 2007 in
Southeast Asia; Marks et al. 2002, Bates et al. 2004, Aleixo et al. 2004 in South America;
Beresford and Cracraft 1999 in Africa; Miura and Edwards 2001 in Australia). These studies
imply that an intraspecific framework may be the most appropriate approach to elucidate
signatures of lowland diversification.
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Here, I examine the phylogeography of the Red-tailed Bristlebill (Bleda syndactylus),
which is abundant in the understory of primary and mature secondary lowland forest of central
Africa. Typically, it occurs alone or in pairs, and it is often associated with ant swarms, feeding
primarily on insects on the ground or in undergrowth and vine tangles. The species is
traditionally partitioned into three subspecies (Rand and Deignan 1960) whose distributional
limits roughly approximate the three main purported forest refuges (UG, WLG, and ELG): B. s.
syndactylus occurs in the UG forests from Sierra Leone west through western Nigeria, B. s.
multicolor in WLG from Nigeria south to Angola and east to eastern Democratic Republic of the
Congo, and B. s. woosnami in ELG in Sudan, Kenya, and throughout the Albertine Rift region of
Uganda. More recent classifications recognize a different set of subspecies. Dickinson (2003)
merged syndactylus and multicolor and maintained syndactylus and woosnami (nandensis from
western Kenyan forests is listed but stated as requiring confirmation). Fishpool and Tobias
(2005) recognized nominate and woosnami. In either case, subspecies of B. syndactylus have
been described based on assessments of the degree of yellowness in their ventral plumage and to
a lesser extent on variation in total body size.
A preliminary overview of plumage variation of specimens from the extremes of its
distribution indicates that B. s. syndactylus and B. s. woosnami are diagnosable based on the
degree of ventral yellowness. A representative sample of “B. s. multicolor” was not available for
comparison. Whether B. syndactylus’s plumage variation corresponds to discrete genetic or
morphometric variation is an important question in view of the ongoing debate about the
importance of lowland forests in Afrotropical diversification. If lowland rainforests have acted
as museums, conserving ancient diversity, rather than fomenting speciation, one would predict
genetic and morphometric homogeneity, or high diversity without geographic structure (Fjeldså
2005). On the other hand, phylogeographic structure and morphometric variation would make a
13

case against the characterization of lowland forests as museums. To distinguish between these
two possibilities, I have conducted a phylogeographic study of B. syndactylus across its range in
African lowland forests using analyses of mitochondrial DNA sequences coupled with analyses
of morphometric variation.
Materials and Methods
Two mtDNA genes, complete ND3 and a fragment of ND2, were sequenced in 41
individuals of B. syndactylus (Table. 2.1) and two bulbuls as outgroups using the primer sets
L5215 (Hackett 1996) and H6113 (Slikas et al. 2000) for ND2 and L10755 and H11151 for ND3
(Chesser 1998). Total genomic DNA was extracted from muscle using the reagents and
protocols provided with the QIAamp Tissue Kit (QIAGEN). PCR amplification followed
protocols outlined in Marks et al. (2007) and sequencing reactions followed the manufacturer’s
protocols (ABI Big Dye 3.1). Sequences were run an ABI 377 automated DNA sequencer. DNA
was sequenced in both directions and verified and aligned using the computer program
Sequencher 3.1.1 (Gene Codes, Ann Arbor, MI).
Table 2.1. Sampling localities and voucher information for Bleda syndactylus samples analyzed
in this study.
Genus

species

subspecies

Voucher

Country

Bleda

syndactylus

multicolor

F429493

Central African Republic

Bleda

syndactylus

multicolor

F429491

Central African Republic

Bleda

syndactylus

multicolor

F429494

Central African Republic

Bleda

syndactylus

multicolor

F429495

Central African Republic

Bleda

syndactylus

multicolor

F429488

Central African Republic

Bleda

syndactylus

multicolor

F429489

Central African Republic

Bleda

syndactylus

multicolor

F429490

Central African Republic

Bleda

syndactylus

multicolor

F429492

Central African Republic

Bleda

syndactylus

multicolor

DOT8069

Central African Republic

Bleda

syndactylus

multicolor

DOT8252

Central African Republic

Bleda

syndactylus

multicolor

DOT8099

Central African Republic

Bleda

syndactylus

multicolor

DOT10607

Central African Republic

Bleda

syndactylus

multicolor

DOT12531

Central African Republic

Table 2.1 cont.
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Bleda

syndactylus

multicolor

F396343

Gabon

Bleda

syndactylus

multicolor

F396342

Gabon

Bleda

syndactylus

multicolor

N16144

Gabon

Bleda

syndactylus

multicolor

N16158

Gabon

Bleda

syndactylus

multicolor

N10095

Gabon

Bleda

syndactylus

multicolor

N16163

Gabon

Bleda

syndactylus

multicolor

N16186

Gabon

Bleda

syndactylus

multicolor

N15150

Gabon

Bleda

syndactylus

syndactylus

F396541

Ghana

Bleda

syndactylus

syndactylus

F396543

Ghana

Bleda

syndactylus

syndactylus

F396542

Ghana

Bleda

syndactylus

syndactylus

F396540

Ghana

Bleda

syndactylus

syndactylus

F396539

Ghana

Bleda

syndactylus

syndactylus

F396538

Ghana

Bleda

syndactylus

syndactylus

DOT6729

Liberia

Bleda

syndactylus

syndactylus

DOT12415

Liberia

Bleda

syndactylus

syndactylus

DOT12433

Liberia

Bleda

syndactylus

syndactylus

DOT14445

Liberia

Bleda

syndactylus

woosnami

F357222

Democratic Republic of Congo

Bleda

syndactylus

woosnami

F357218

Democratic Republic of Congo

Bleda

syndactylus

woosnami

F357223

Democratic Republic of Congo

Bleda

syndactylus

woosnami

F357219

Democratic Republic of Congo

Bleda

syndactylus

woosnami

F357217

Democratic Republic of Congo

Bleda

syndactylus

woosnami

F384952

Uganda

Bleda

syndactylus

woosnami

F391704

Uganda

Bleda

syndactylus

woosnami

F384951

Uganda

Bleda

syndactylus

woosnami

F384954

Uganda

Bleda

syndactylus

woosnami

F384953

Uganda

Note: F in front of voucher numbers represent specimens from Field Museum, DOT numbers are from American
Museum of Natural History, and N numbers are from The National Museum of Natural History.

Phylogeographic Analysis
An appropriate model of evolution for the mtDNA sequence data was selected using
Modeltest 3.06 (Posada & Crandall 1998) under the Akaike Information Criterion: GTR+I+G
model, with the proportion of invariant sites set to 0.4311 and a gamma value of 1.1624.
Maximum Likelihood tree searches were conducted using PAUP* (Swofford 2002). Ten
random addition sequence replicates were used in heuristic ML searches. Support for nodes was
assessed by ML bootstrap analyses with 100 replicates. Nodal support was also assessed with
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Bayesian analysis using MrBayes 3.1 (Ronquist & Huelsenbeck 2003). Bayesian analysis
employed the general time reversible model and an estimated proportion of invariable sites. Two
independent runs with four chains each were conducted for 2,000,000 generations and sampled
every 1000 generations. The first 500 trees from each run were discarded as a burn-in, and the
remaining 3000 trees were used to construct a majority-rule consensus.
Population Genetic Analyses
Pairwise Fst values among sampling localities were computed with ARLEQUIN v. 3.0
(Excoffier et al. 2005). Localities without significant Fst values were pooled in subsequent
analyses, resulting in six localities (samples from DRC and Uganda were pooled into a single
locality: ELG; two regional haplotype pools were identified from the four localities in CAR:
CAR1 and CAR2 ). I also used ARLEQUIN to perform an analysis of molecular variance
(AMOVA, Excoffier et al. 1992). AMOVA were conducted under three partitioning schemes.
Haplotypes were grouped by: 1) traditional subspecies, with distributions roughly approximating
the three hypothesized refugial areas; 2) the ten actual collecting localities; and 3) the six pooled
collecting localities. The significance of variance explained by each partitioning scheme was
tested with a permutation procedure (1000 replicates, Excoffier et al., 1992). To test for an
association between genetic and geographic distance among sampling localities, I conducted a
Mantel test for the correlation between geographic distance between sampling localities and
pairwise Fst values. DNASP v. 4.00 (Rozas et al. 2003) was used to calculate several measures
of genetic diversity for the mtDNA data, including the number of polymorphic sites, the number
of haplotypes in a population, and nucleotide diversity (π). To test for selective neutrality and
evidence of demographic expansion, Tajima’s D (1996), and Fu’s Fs (1997) were calculated.
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Morphometric Analysis
To assess the degree of morphometric differentiation among populations of B.
syndactylus from the three major refugial areas, I measured six standard morphological
characters in 112 museum specimens. Wing chord (maximum length of the unflattened longest
primary feather) was measured with a wing chord ruler to the nearest 0.5mm. Tail length (from
the uropygial gland to the tip of the central rectrices) was measured with a straight ruler to the
nearest 0.5mm. Dial calipers were used to measure tarsus length (from the tibiotarsus joint to the
distal scute) and three bill measurements: bill length (from the anterior edge of the nares to the
tip of the maxilla), width and depth (at the posterior edge of the nares), all to the nearest 0.1 mm.
I conducted a multivariate analysis of variance (MANOVA) in SAS V9 using PROC GLM. I
tested whether sexes or subspecies differed in their morphology using the six measurements. A
preliminary analysis showed that males always had larger features than females regardless of
subspecies (i.e. no significant interaction between sex and subspecies), and therefore the
interaction term was dropped from the model, and only the main effects of sex and subspecies
were examined. After testing whether the overall morphology differed, I conducted univariate
tests to determine whether the two sexes and subspecies differed for each of the six
measurements. I used a Bonferroni correction by setting alpha equal to 0.008 (0.05/6 tests).
Results
Phylogenetic Analyses
A total of 1168 nucleotides of mtDNA was sequenced, consisting of 817 bp of ND2 and
351 bp of ND3 from 41 individuals of B. syndactylus (Figure 2.1, Table 2.1). These sequences
represented 39 mtDNA haplotypes. Excluding outgroups, 839 (71.8%) sites were constant, 61
(5.2%) were variable but parsimony uninformative, and 268 (23%) were parsimony informative.
Aligned mtDNA sequences appeared to be of mitochondrial rather than nuclear origin.
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Sequences contained no stop codons, overlapping fragments contained no conflicts, codon
positions contained expected relative levels of polymorphism (3 > 1 > 2), and inserting these
data into a larger data set of pycnonotids (Moyle and Marks 2006) revealed expected
phylogenetic relationships.
Phylogenetic analysis resulted in a ML tree with six major clades consistent with the six
pooled geographic localities, each supported by > 95% bootstrap values and high Bayesian
posterior probabilities (Figure 2.2). Maximum p-distances among individuals in these wellsupported clades were high, ranging from >4.5% between Gabon and CAR1, to >12% between
Liberia and ELG (Figure 2.3). Given the unexpectedly high levels of maximum divergence
within B. syndactylus, I addressed the possibility that the data were the result of a mistake in the
laboratory or field. To this end, I constructed a data set consisting of Bleda samples from this
study and several other members of the Pycnonotidae (Andropadus, Chlorocichla, Bleda,
Criniger, Phyllastrephus) from the study of Moyle and Marks (2006). Maximum Likelihood
(GTR+I+G) analysis of these data placed B. syndactylus samples from this study as a highly
supported sister group of its congeners, B. eximia and B. canicapilla.
Population Genetic Analyses
Diversity Indices and Neutrality Tests
Nucleotide diversity (π) was high for most localities, ranging from 0.007 in ELG to a maximum
of 0.05 in samples from CAR1. The extreme nucleotide diversity in CAR1 owes primarily to a
single individual with a CAR2 haplotype that is 9% divergent from other individuals from that
locality. Other localities show some level of intralocality divergence; however, the degree of
such variation is much lower than between localities. Neutral evolution and stable population
sizes were indicated by Tajima’s D and Fu’s Fs for all but one population; Tajima’s D was
significant for Liberia (Table 2.2).
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Figure 2.2. Maximum Likelihood tree of Bleda syndactylus mtDNA haplotypes. Numbers above
branches are Bayesian posterior probabilities. Numbers below branches are Maximum
Likelihood bootstrap proportions from 100 replicates. Branches left blank received <0.95
posterior probability or <75% bootstrap support.
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Figure 2.3. Map of B. syndactylus subspecies distributions and generalized distributions of
mtDNA haplotype groups. Percentages on the map represent maximum pairwise divergences
from mtDNA sequence data among individuals from the six pooled sampling localities.
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AMOVA and Mantel Tests
Mitochondrial DNA haplotypes showed significant geographic structure under every
partitioning scheme. When mtDNA haplotypes were partitioned by subspecies (B. s.
syndactylus, B. s. multicolor, B. s. woosnami), AMOVA (Table 2.3) indicated that over half of
the genetic variation (55%, P<0.001) occurs among subspecies. When haplotypes were
partitioned by locality, among group variation increased to 82% (P<0.001). There was a slight
increase in variance explained with haplotypes grouped into partitions corresponding to the six
mtDNA clades (combining DRC and Uganda localities into ELG, and moving a single individual
from CAR1 into CAR2). Mantel tests demonstrate a significant relationship between genetic and
geographic distance (r2=0.53; and P<0.02).
Morphometric Analysis
Multivariate analysis of variance of the six morphological characters revealed significant
differentiation between subspecies in both males and females: Wilk’s λ=0.35, F12, 92=5.41,
P<0.0001, and Wilk’s λ=0.38, F12, 98=50.6, P<0.0001 for males and females respectively
(Table 2.4). Overall and for every character, males were significantly larger than females
regardless of subspecies. Subspecies also differed in their overall morphology, with WLG
having significantly longer wings and tails than UG and ELG populations. Bill depth of UG and
WLG populations did not differ significantly but both were significantly larger than ELG. For
the other two characters (bill depth and width), UG did not differ significantly from either
region, but there were significant differences between WLG and ELG (Figure 2.4).
Discussion
Refugial Isolation and Lowland Diversification
Widespread lowland forest birds in the Afrotropics such as B. syndactylus are
traditionally thought of as widespread panmictic units (Roy et al. 1997, Fjeldså et al. 2005,
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Table 2.2. Genetic characteristics of Bleda syndactylus mtDNA haplotypes.
No.
No.
Polymorphic
Locality

Subspecies

N

All populations
41
Upper Guinea
Liberia
syndactylus 4
Ghana
syndactylus 5
Western Lower Guinea
Gabon
multicolor 8
CAR1
multicolor 4
CAR2
multicolor 9
Eastern Lower Guinea
Ituri
woosnami 5
Uganda
woosnami 5
*significant at P<0.05

Nucleotide
Fu's
Fs

Haplotypes

sites (Avg. no.)

39

315 (90)

0.078 +/- 0.039

NS

NS

4
5

36 (18)
40 (18.2)

0.015 +/- 0.011
0.015 +/- 0.01

-0.86*
NS

NS
NS

7
4
8

32 (11)
113 (58)
49 (13)

0.009 +/- 0.006
0.050 +/- 0.033
0.011 +/- 0.007

NS
NS
NS

NS
NS
NS

5
5

23 (10)
18 (9)

0.009 +/- 0.006
0.007 +/- 0.005

NS
NS

NS
NS
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diversity (π)

Tajima's
D

Table 2.3. Analysis of Molecular Variance (AMOVA) of Bleda syndactylus haplogroups. Haplotypes are
partitioned by actual collecting localities (top), pooled collecting localities (middle), and subspecies (below).
Source of Variation

d.f

Sum of Squares

Variance components

Percentage of Variation

Among localities

9

1532.0

40.45

82.03

Within localities
Total

31
40

274.72
1830.75

8.86
53.86

17.97

Source of Variation

d.f

Sum of Squares

Variance components

Percentage of Variation

Among pooled localities

5

1581.32

46.73

86.77

Within pooled localities
Total

35
40

249.43
1830.75

7.12
53.86

13.23

Source of Variation

d.f

Sum of Squares

Variance components

Percentage of Variation

Among subspecies

2

855.5

31.82

54.86

Within subspecies
Total

37
39

1431.0
2286.45

38.67
70.50

45.14
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Table 2.4. Results of MANOVA between subspecies (and corresponding refugial areas) of
Bleda syndactylus for adult males and females in six morphological characters. Significant P
values are in bold.
character
d.f
Mean square
F
P
Adult Males
Wilks' lambda
Wing
Tarsus
Tail
Culmen length
Bill width
Bill depth

12
2
2
2
2
2
2

472.95
0.19
268.04
33.6
0.23
1.04

5.41
23.47
0.19
12.54
19.8
2.03
5.41

<.0001
<.0001
NS
<.0001
<.0001
NS
0.007

Wilks' lambda
Wing
Tarsus
Tail
Culmen length
Bill width
Bill depth

12
2
2
2
2
2
2

296.82
0.38
96.88
5.81
0.62
0.1

5.06
22.96
0.48
7.72
8.3
4.9
1.51

<.0001
<.0001
NS
0.0011
<0.001
NS
NS

Adult Females
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Figure 2.4. Box plots of lsmeans from univariate responses for each of the six morphometric
characters for males and females combined. Significant differences (with a Bonferroni adjusted
alpha value=0.008) are represented by boxes with different letters.
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Fjeldså et al. 2007). But despite its widespread distribution and potential for high gene flow,
mtDNA variation in B. syndactylus reveals six geographically structured phylogenetic
haplogroups. A variety of forces appear to have played a role the diversification of B.
syndactylus across the Guineo-Congolian forest. These forces include geographic isolation
anddivergence via genetic drift in at least five purported lowland forest refugia, but they may
also include cessation of gene flow across modern barriers, such as rivers.
Upper Guinea
Starting at the base of the tree, in the Upper Guinean forest block (Figure 2.2), the first
highly supported node separates samples from Liberia from the rest of the localities. The next
divergence separated UG from Lower Guinean forests as samples from Ghana diverged from the
remaining localities. Within the UG forest block these two reciprocally monophyletic groups are
indistinguishable by plumage, but substantially divergent genetically, suggesting a long-term
cessation of gene flow within a currently described subspecies (B. s. syndactylus). Prigogine
(1988) proposed that the UG forest refuge was a composite area and recognized two separate
refugia in this region (Figure 2.1). The first was centered in Sierra Leone-Liberia, the second in
Ghana. The two highly divergent haplogroups from Upper Guinean forests in B. syndactylus
perfectly fit a scenario of isolation in these two regions.
Lower Guinea
Within the Lower Guinean forest block are four highly supported genetically distinct
mtDNA haplogroups. However, the branching pattern among these lineages is not well
supported by ML bootstrapping or Bayesian inference. The one highly supported node in Lower
Guinea unites the samples from Gabon and CAR1. These two localities are separated by
approximately 800km of contiguous lowland rainforest. The lack of shared haplotypes and the
~5% maximum genetic divergence between them suggests evolutionary independence.
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However, without samples from intervening areas, it is impossible to determine whether Gabon
and CAR1 populations are part of a continuum. Further sampling could help clarify whether
these haplogroups have geographic limits or if there is clinal variation between them. Sampling
sites from CAR revealed a large genetic break. This is unexpected given that the >9% maximum
divergence occurs between sampling localities only 30 km apart. This genetic break occurs
across the Sangha River, which has recently been proposed as a potential barrier to gene flow in
Lowland Gorillas (Anthony et al. 2007). Alternative explanations for this pattern are difficult to
unravel. The river may have acted by itself in separating bird populations, as has been suggested
in the Amazon rainforest (Capparella 1988, Bates et al. 2004, Aleixo 2004). However, the one
potential dispersal event identified among haplogroups was across this river from CAR2 into
CAR1 (FMNH 429493). Another alternative is that this region represents a zone of secondary
contact between haplotypes originating in WLG and a largely unrecognized refugium. Laurent
(1973) proposed just such a Congo Basin refugium centered on the left bank of the Congo River
based on the coincidence of endemic mammals, reptiles, and amphibians (Laurent 1973), fishes
(Poll 1971), and gastropods (Fairbridge 1970). Prigogine (1988) suggested that patterns of bird
diversity and endemism in this region characterized this as a “Type I” refugium (Crowe and
Crowe 1982), with high species diversity, but low endemism. The data presented here coupled
with phylogeographic data from Stiphrornis erythrothorax (Beresford and Cracraft 1999), and
primate and plant distributions (Colyn et al. 1991), suggest that endemism is much higher in this
region than originally thought, but that it may be obscured, at least in birds, by a lack of
concurrent morphological differentiation. Alternative explanations for the large genetic break in
this region are difficult to evaluate with the data at hand. Further sampling along the course of
this river, and in the intervening forests between CAR1 and Gabon, will help clarify the role of
the Sangha River as a barrier to gene flow in B. syndactylus. Finally, the break between the ELG
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haplogroup and the other groups in WLG corresponds to vicariance between the Congo Basin
refugium discussed above and the long-recognized ELG refugium.
Analysis of molecular variance provides statistically significant support for the
geographic structure of molecular diversity identified in phylogeographic analysis. However, a
significant pattern of isolation by distance (IBD) was also inferred. This is a paradoxical
combination. An IBD pattern is usually taken as an indication of migration-drift equilibrium
among populations. It is unlikely that this pattern is due to migration-drift equilibrium across
the range of B. syndactylus, because I have demonstrated a strong geographic orientation to the
pattern of genetic differentiation, even between sampling localities only 30 km apart (Figure
2.3). Therefore, in spite of the significant IBD pattern, the data presented here suggest that these
six geographically restricted haplogroups represent incipient species (rather than populations of a
widespread species) formed by the persistence of founder events from the colonization process
(i.e., refugial isolation) or gradual genetic drift. The sampling at hand gives the impression of
contemporary allopatric distributions for these haplogroups; however, continued sampling will
help to pinpoint the locations of secondary contact zones. The barrier to contemporary gene flow
necessary to explain this cryptic diversity is unknown. One intriguing explanation could be
related to reproductive asynchrony. That is, the non-equilibrium condition among these
haplogroups could be maintained by spatiotemporal variation in optimal breeding seasons.
Although detailed studies of geographic variation in breeding condition are not available for B.
syndactylus, what little is known suggests substantial temporal variation across its distribution
(Keith et al. 1992). For example, in Liberia laying dates peak in May and June. In CameroonGabon, laying dates tend to peak in October through February. In CAR they peak in August and
September. In Uganda there are two peaks, one in April-May, the other in January-February.
This temporal geographic variation in reproductive activity corresponds to the geographic
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structure of mtDNA haplogroups. Whether the diversity within B. syndactylus originated in
response to cyclical redistribution driven by climatic fluctuations or some other means not yet
elucidated, the restricted distributions of haplogroups is consistent with an initial stage of
allopatric diversification via genetic drift potentially maintained by temporal variation in
breeding seasons.
Morphometric Variation
Another prediction of refugial diversification is that populations inhabiting ecologically
and structurally similar habitats in different refugial areas should be morphologically distinct due
to the stochastic effects of genetic drift (Smith et al. 1997, 2005). MANOVA identified
significant morphological differences among subspecies of B. syndactylus from the three refugial
areas (Figure 4). This finding differs from that of previous studies of morphometric
differentiation among populations of birds inhabiting refugial areas in the Afrotropics. Smith et
al. (1997, 2001, 2005) showed that morphometric variation in Andropadus virens (a close
relative of B. syndactylus) occurs primarily across the habitat transition between open canopy
(ecotone) and closed canopy forest populations, as opposed to between geographically distant
populations inhabiting UG and WLG refugia. Although genetically divergent, the refugial
populations were morphometrically similar.
What could account for the disparity in patterns of morphometric differentiation between
A. virens and B. syndactylus? One possibility is habitat requirement differences. Andropadus
virens occupies a wider variety of habitats, from rainforest to woodland forest, than B.
syndactylus. As a result, under a refugial diversification scenario, it would not have been as
closely tied to the contractions and expansions of forest habitat as B. syndactylus. Another
possibility is a sampling effect. The studies of A. virens focused on a small section of its range.
It is, however, the most widespread African forest bulbul, distributed from Gambia to Tanzania
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and from Sudan to southern Malawi. It is possible that the inclusion of populations of A. virens
from other purported refugial areas (specifically Congo Basin and ELG) would reveal significant
morphometric variation. In B. syndactylus, all four characters that differed among refugial
populations of B. syndactylus showed significant variation within the Lower Guinea forest block
(WLG to ELG comparisons), whereas, only one (wing length) was significant between UG and
WLG populations. Therefore, although the data from A. virens provide strong support for a role
for natural selection in its diversification, they do not necessarily refute the roles that drift and
geographic isolation may have had.
The significant geographically based molecular structure and significant morphometric
differences provide a strong case for substantial diversification in B. syndactylus via genetic drift
in regions identified as lowland refugia. Applying the commonly cited 2% per million years
mtDNA clock, with all of its caveats (Lovette 2004), points to a late Miocene and early Pliocene
diversification in B. syndactylus, consistent with geological and palynological evidence of forest
contraction and expansion throughout this period (Moreau 1954, Yemane et al. 1987, Coetzee
1993, Plana 2004). The divergence between WLG and CAR1 haplogroups would then represent
continued diversification into the Plio-Pleistocene consistent with evidence for a major period of
aridification beginning around 2.8 million years ago (deMenocal, 1994, 2005). Whether the
geographically based structure in B. syndactylus is the result of recent or ancient diversification
processes remains to be seen pending the identification of robust calibration points for molecular
dating analyses.
Species Versus Subspecies
Bleda syndactylus exhibits levels of regional genetic divergence that are more typical of
bird species than populations within a single species. Levels of sequence divergence between
individuals ranged from about 4.5% between Gabon and CAR1 to >12% between Liberia and
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ELG (Figure 2). Such divergence is similar to that found between other Afrotropical lowland
pycnonotids. For example, its congeners Bleda eximia and B. canicapilla are 9.2% divergent,
Andropadus gracilis and A. curvirostris are 11.7%, Andropadus gracilis and A. ansorgei are
8.2%, and Phyllastrephus albigularis and P. xavieri are 7.9% (Moyle and Marks 2006).
These observations on the patterns of diversity within B. syndactylus—that, its
‘populations’ are as genetically divergent as full species of other pycnonotids, and its subspecies
do not fully describe mtDNA variation in the species—suggest that taxonomic revision is in
order. One approach would be to elevate reciprocally monophyletic mtDNA groups to species
rank (McKitrick and Zink 1988). Unfortunately, gaps in sampling complicate this approach. As
noted by Zink (2004), Brumfield (2005), and others, specimens sampled at distant points often
have been used to describe separate subspecies, even though those subspecies are not
evolutionarily independent units. Thus, further sampling across the roughly 1500 km of lowland
forest between ELG and CAR2 populations and between the 800 km between Ghana and Liberia
populations is required to clarify distributional limits of these haplogroups. Regardless of
species status, from a conservation perspective, the pattern of morphometric and molecular
variation in Bleda syndactylus indicates that several evolutionary units should be recognized.
Conservation
At first glance B. syndactylus, as a common widespread species, would seem to be of no
particular interest to conservationists concerned with diminishing biodiversity. Fjeldså et al.
(2005) observed: “Since the species [of the lowland forests] are generally widespread across a
wide range of forest types and in many protected areas, the risks of global extinctions are low.”
However, the unrecognized genetic and morphometric variation in B. syndactylus highlights an
issue of substantial conservation importance for African rainforests. It suggests that a great deal
more diversity exists than is currently expressed in taxonomy, even in a group as well studied as
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birds. Currently recognized species considered well protected from extinction by virtue of their
broad distributions may in fact encompass several phylogenetic species or unrecognized
subspecies vulnerable to extinction through habitat loss. Thus, the potential damage to
biodiversity caused by local extirpation through habitat destruction could be even greater than
already expected for African rainforests. Deforestation of the lowland tropical zone of Africa
could have a severe impact on avian diversity.
Macroecological studies are becoming increasingly important for conservation planning,
and such studies use distributional information in range maps as a fundamental unit of analysis
(Hurlbert and Jetz, 2007). However, the utility of range map data relies on the accuracy with
which they represent species distributions. Bleda syndactylus, as currently described, is
abundant in suitable habitat from Sierra Leone to Kenya. Analyses based solely on patterns of
distribution, therefore, would treat B. syndactylus as a single widespread taxon, instead of the six
reciprocally monophyletic evolutionary units.
To discover whether the cryptic variation evident in B. syndactylus occurs generally in
Afrotropical birds will require more phylogeographic studies of widespread codistributed
species. If the pattern of cryptic diversity found in B. syndactylus is the rule for lowland forest
restricted taxa rather than the exception, then distributional databases will need to be revised to
reflect these changes, and wildlife managers will need to rethink their priorities for habitat
preservation.
To date, studies seeking to identify processes of diversification in the Afrotropics have
pitted causal evolutionary forces (natural selection vs. genetic drift) or regional diversification
(mountains vs. ecotones vs. lowland forests) against one another in the search for a mechanism
with general explanatory power. However, demographic, behavioral, and ecological differences
among species affect their responses to various evolutionary forces and geological events. It is
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apparent that combinations of evolutionary forces and regional effects have worked separately
and in concert to produce the patterns of contemporary diversity in the Afrotropics. Future
comparative studies of codistributed, syntopic taxa will help to determine the generality and
limits of these models of diversification.
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CHAPTER 3: PHYLOGEOGRAPHY OF THE YELLOW-WHISKERED GREENBUL
(ANDROPADUS LATIROSTRIS)
Introduction
In the Afrotropics, three models have dominated discussions of species diversification.
The earliest model (Chapin 1932, Moreau 1954, Fjeldså 1994) evokes natural selection acting
across ecotones (habitat transitions) along the periphery of the lowland rainforest. This model
was first proposed as a mechanism to explain the dramatic species turnover across the transition
from savanna to rainforest habitats (Chapin 1923, 1932) and lowland to montane rainforest
habitats (Moreau, 1954). For example, Moreau (1954) categorized rainforest passerine birds into
two groups: those with primarily lowland distributions (<1500m) and those primarily montane
(>1500m). Of the 216 species he categorized as lowland, none also occurred in savanna, and
only 14 were found with any regularity in montane regions. The recent work of Smith et al.
(1997, 2001, 2005) provided empirical support for the model of selection across habitats. They
examined molecular and morphometric differences in populations of the Little Greenbul
(Andropadus virens) by comparing patterns of variation among rainforest (closed canopy) and
ecotone forest (open canopy) populations to variation within each of these habitats. A high
degree of morphometric divergence was found between closed- and open-canopy populations of
A. virens despite moderate levels of gene flow. On the other hand populations of A. virens
inhabiting presumably identical closed-canopy forest habitats in Ivory Coast and Cameroon were
morphometrically similar despite reduced levels of gene flow (relative to forest/ecotone
comparisons).
The second model of diversification is the Refuge Hypothesis. In this case, allopatric
lowland forest taxa are proposed to differentiate by genetic drift through cyclic redistributions in
response to climatic fluctuations (Moreau, 1954, 1966, Diamond and Hamilton 1980, Crowe and

37

Crowe 1982, Mayr and O’Hara 1986). In the Afrotropics, the Refuge Hypothesis was proposed
as a mechanistic explanation for congeneric and subspecific disjunctions across lowland forests
(Diamond and Hamilton 1980). This model posits that periods of increased global cooling
throughout the late Tertiary and into the Quaternary resulted in reduced rainfall in tropical areas.
The resulting increase in aridity led to contraction of widespread lowland forests into refugial
islands of suitable habitat. Forest taxa previously widespread retreated along with the forest and
became isolated in the islands, surrounded by a matrix of inhospitable savanna. Populations
diverged while in the refuges via drift. During warming periods, with increased rainfall and
associated forest expansion, isolated populations dispersed with expanding forests, eventually
coming back into contact. Repeated episodes of population bottlenecks followed by expansion
resulted in divergence and reproductive isolation at secondary contact.
The third model is a variation on the classic Refuge hypothesis, because it also implicates
genetic drift acting on allopatric populations. However, instead of lowland refugia, the refuges
were centered in montane regions. This model was initially proposed to account for similarities
among bird communities in disjunct montane localities surrounded by matrices of inhospitable
habitat (Moreau 1954). Fjeldså and Lovett (1997) provided a recent synthesis of the model.
Briefly, they suggested that phylogenetic patterns evident in the DNA-DNA hybridization data
of Sibley and Ahlquist (1990), when considered in light of species distributions, indicated
species with restricted ranges tended to be centered in montane regions. This pattern was taken
as an indication that centers of recent diversification were not only in the forest savanna ecotonal
areas (Fjeldså 1994, Smith et al. 1997), but also in topographically diverse, ecologically stable
montane regions. A corollary of this model is that lowland forests represent biological
‘museums’, which accumulate species that originated in montane and ecotonal regions and
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conserve elements of ancient diversification rather than act as centers of contemporary change
(Fjeldså and Lovett 1997, Fjeldså et al 2007).
Support for low diversification rates in lowland rainforest species comes from two recent
studies on two different continents. Weir (2006) assessed relative diversification rates of
montane and lowland groups of Amazonian birds. He found the rate of diversification in
lowland birds to be relatively slow from the Miocene to the present. However, montane
Amazonian birds exhibited a relatively fast rate of diversification over that same time span,
especially within the last million years. Support specific to the Afrotropics comes from a
macroecological analysis of the Pycnonotidae by Fjeldså et al. (2007). They constructed a
supertree using published molecular phylogenies that portrayed the radiation of African bulbuls.
Then they estimated relative ages of each taxon based on the number of nodes between terminal
taxa and the basal node of the consensus tree. Relative ages were compared to the distributions
of each terminal taxon. New species tended to have small geographic ranges, and congregated in
montane areas whereas old, widespread species dominated the lowlands.
Many widespread Afrotropical lowland forest species are, at least superficially,
morphologically homogeneous or exhibit marginal variation in plumage across their ranges
(Diamond and Hamilton 1980, Mayr and O’Hara 1986). However, phylogeographic studies of
widespread lowland rainforest species have demonstrated that species that appear outwardly
uniform actually comprise a remarkable degree of geographically structured genetic diversity
(e.g., Zou et al. 2007 in Southeast Asia; Marks et al. 2002, Aleixo 2004, Cheviron et al. 2005 in
South America; Beresford and Cracraft 1999 in Africa; Miura and Edwards 2001 in Australia).
No group of birds has been more influential to our understanding of the processes of
diversification in the rainforests of Africa than bulbuls and greenbuls of the family Pycnonotidae.
Within this family one genus, Andropadus, has played an especially important role. Two of the
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three main models of diversification have been demonstrated empirically through intraspecific
comparisons of Andropadus species. Smith et al. (1997, 2005) demonstrated the role of natural
selection across the forest savanna ecotone, and Roy et al. (1997) demonstrated the role of
genetic drift in isolated montane regions, in Afrotropical diversification. Here I assess the
relative roles of montane and lowland diversification in the Afrotropics with a phylogeographic
analysis of yet another member of the genus Andropadus.
Study Taxon
The Yellow-whiskered Greenbul (Andropadus latirostris) is among the most widespread
forest greenbuls, occurring from Sierra Leone to southeastern Tanzania, and Sudan to southern
Democratic Republic of Congo (DRC). Abundant throughout its range, it exhibits remarkable
elevational tolerance, occurring in primary and secondary forests from sea level at the Gulf of
Guinea to more than 2700 m in the Rwenzori Mountains of the Albertine Rift. In forest, it
inhabits every stratum from the floor to canopy. It is an omnivore, feeding on vertebrates,
invertebrates, seeds, and a variety of fruits (Brosset 1982). There are four described subspecies
(Rand and Deignan 1960): one in the Upper Guinean forests from Sierra Leone to Ghana (A. l.
congener), a second from southwestern Nigeria through central DRC and south to Angola (A. l.
latirostris), a third from east-central DRC east to the Rift Valley in Kenya (A. l. eugenius), and
the fourth in the Kenyan highlands east of the Rift Valley south to the Ufipa Plateau in Tanzania
(A. l. saturatus). Dickinson (2003) merged eugenius and saturatus into latirostris, and
recognized congener and australis (from the Ufipa Plateau in Tanzania) as distinct from the
nominate subspecies. With the exception of australis, which may be vocally distinct (Sibley and
Heinrich 1966), the subspecies have been defined primarily on qualitative assessments of
plumage variation. Whether plumage differences in A. latirostris correspond to discrete genetic
or morphometric differences is an important question with regard to the ongoing debate on
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sources of diversification in African rainforests. Broad geographic and elevational sampling in
this study, which encompasses three hypothesized lowland refugia (Figure 3.1, Upper Guinea
[UG], Western Lower Guinea [WLG], and Eastern Lower Guinea [ELG]) and three major
montane regions in East Africa (Albertine Rift, Kenya Highlands, and Ufipa Plateau) provides a
rare opportunity to assess the relative roles played by lowland versus montane regions in shaping
avian diversity in African rainforests.
Materials and Methods
Molecular Data
MtDNA of complete ND3 was sequenced for 145 individuals (Figure 3.1, Table 3.1) of
A. latirostris and two greenbuls as outgroups (A. virens and Bleda syndactylus) using primers
L10755 and H11151 (Chesser 1998). A nuclear intron, Beta-actin Intron 3 (βact3), was
sequenced for 74 individuals using the primers AlatΒact3F (GGCAATGAGAGGTTCAGGT)
and AlatΒact3R (TGGTACCACCAGACAGCAC), which were developed for this study. Total
genomic DNA was extracted from muscle or vouchered blood samples (from ZMUC) using the
reagents and protocols of the QIAamp Tissue Kit (QIAGEN). PCR amplification followed
protocols outlined in Marks et al. (2007), and sequencing reactions followed the manufacturer’s
protocols (ABI Big Dye 3.1). Sequences were analyzed on an ABI 377 automated DNA
sequencer. DNA was sequenced in both directions and verified and aligned using the computer
program Sequencher 3.1.1 (Gene Codes, Ann Arbor, MI).
Phylogeographic Analysis
The two loci were analyzed separately because a large amount of data in the
nuclear locus was missing. An appropriate maximum likelihood (ML) tree-building model was
selected for each locus using Modeltest 3.06 (Posada & Crandall 1998) under the Akaike
Information Criterion. HKY85+I+G, with a Ti/Tv ratio of 4.8487, proportion of invariant sites
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Figure 3.1. Sampling localities for Andropadus latirostris samples used in this study and
hypothesized locations of refugial areas in the Afrotropical lowlands adapted from Mayr and
O’Hara (1986).
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of 0.43689, and a gamma value of 1.0662, was selected for mtDNA. HKY+I, with invariant sites
set to 0.8023, was selected for βact3. ML tree searches of the mtDNA data were conducted only
on unique haplotypes (n=52) using PAUP* (Swofford 2002) with ten random addition sequence
replicates. Support for nodes was assessed by ML bootstrap analyses using 100 replicates and by
Bayesian analysis using MrBayes 3.1 (Ronquist and Huelsenbeck 2003). Two independent runs
with four chains each were conducted for 2,000,000 generations and sampled every 1000
generations. The first 500 trees from each run were discarded as burn-in, and the remaining 3000
trees were used to construct a majority-rule consensus. A haplotype network was constructed
using Network v4.5 (fluxus-engineering.com). An initial median joining network was calculated
and screened using the MP option (Polzin and Daneschmand 2003) to delete superfluous median
vectors and links that are not contained in the shortest trees in the networks.
Population Genetic Analysis
Mitochondrial DNA
I used ARLEQUIN v. 3.0 (Excoffier et al. 2005) to calculate pairwise Fst values among
sampling localities. Localities without significant Fst values were pooled in subsequent
analyses. This resulted in seven post hoc geographic localities representing four lowland and
three montane regions. The four lowland localities were Liberia, Ghana, WLG (including
samples from Cameroon, Equatorial Guinea (EG), Gabon, and Central African Republic (CAR)),
and Lowland ELG (samples from Ituri and Irangi forests in DRC and Semliki forest in Uganda).
Montane localities were Albertine Rift (AR), Central Kenya Highlands, and Ufipa Plateau
(Figure 3.1). I used ARLEQUIN to perform an analysis of molecular variance (AMOVA,
Excoffier et al. 1992) under three partitioning schemes. Haplotypes were grouped by 1) four
traditional subspecies, 2) the 20 collecting localities, and 3) pooled collecting localities. The
significance of partitioning schemes was tested with a permutation procedure (1000 replicates,
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Excoffier et al., 1992). To test for an association between genetic and geographic distances, I
conducted a Mantel test of the correlation between geographic distance between sampling
localities and pairwise Fst values. I also calculated several measures of genetic diversity,
including total and average number of polymorphic sites per population, number of haplotypes in
a population, and nucleotide diversity (π). To test for selective neutrality and evidence of
demographic expansion in the mtDNA data, Tajima’s D (1996) and Fu’s Fs (1997) were
calculated for actual and pooled localities.
Nuclear DNA
To determine the genotypic phase of βact3 sequences that contained more than one heterozygous
site, I used default settings of PHASE 2.1.1 (Stephens et al. 2001, Stephens and Donnely, 2003).
Three separate PHASE analyses were conducted to ensure convergence of the haplotype
estimation. Ten haplotypes for which phase could not be determined with > 60% confidence
were discarded from subsequent analyses (Taylor and Hellberg 2006), resulting in a dataset of 64
individuals (128 phased haplotypes) representing most of the sampling localities and all of the
major haplotype groups of the mtDNA data set. As with mtDNA data, I used ARLEQUIN and
DNASP to estimate measures of genetic diversity and to conduct AMOVA and Mantel tests. I
used the Isolation with Migration (IM) software package (Hey and Neilson 2004, Hey 2005) to
produce estimates of migration rates among localities: UG (Ghana), WLG (EG), CAR, lowland
ELG and the three broadly defined montane regions (Albertine Rift, Kenya Highlands, Ufipa
Plateau). IM assumes selective neutrality of the locus and no recombination. Recombination
was examined using the four gamete test (Hudson and Kaplan 1985) in DNASP v. 4.00 (Rozas et
al. 2003). Because this test revealed that the locus has undergone recombination, all IM analyses
with these data were conducted on the largest independently segregating block of sequence (107
bp). Initial IM analyses were conducted using the IS model and under excessively large
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maximum priors (q1=100, m1= m2=50, t=30). These initial runs indicated appropriate priors for
subsequent analyses. Once priors for m1 and m2 were identified, I conducted two IM analyses
with identical starting parameters for each pairwise comparison to assess congruence among
analyses. The analyses among UG and WLG, CAR, and Ituri were conducted with the priors
t=10 q1=q2=qa, m1=30 m2=30. The analyses for the comparison between Albertine Rift and
lowland ELG were conducted with the priors t=6, q1=q2=qa, m1=30 m2=30. All other pairwise
comparisons were analyzed with the following priors: t=6, q1=q2=qa, m1=10 m2=10. All runs
began with an initial burn-in period of 100,000 steps and continued until the minimum effective
sample size (ESS) was >100 (Hey 2005). The two separate runs with identical starting
parameters produced qualitatively similar results for each pairwise comparison; therefore, I only
present data from the longest runs (in all cases > 8 X 108 steps).
Morphometric Data
To assess morphometric differentiation among the plumage-based subspecies of A.
latirostris, I measured six morphological characters in 258 museum specimens in the collections
of The Field Museum and LSU Museum of Natural Science: UG, A. l. congener; N=30, WLG,
A. l. latirostris; N=67, ELG, A. l. eugenius; N=137, Kenya Highlands, A. l. saturatus; N=24.
Specimens from the Ufipa Plateau were not available for measurement. Wing chord (maximum
length of the unflattened longest primary feather) was measured with a wing chord ruler to the
nearest 0.5 mm. Tail length (from the uropygial gland to the tip of the central rectrices) was
measured with a straight ruler to the nearest 0.5 mm. Dial calipers were used to measure tarsus
length (from the tibiotarsus joint to the distal undivided scute) and three bill measurements;
length (from the posterior edge of the nares to the tip of the maxilla, width and depth (at the
posterior edge of the nares) were all measured to the nearest 0.1 mm. I conducted a multivariate
analysis of variance (MANOVA) in SAS V9 using PROC GLM. I tested whether sexes or
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subspecies differed in their morphology using the six measurements. A preliminary analysis
showed that males always had larger features than females regardless of subspecies (i.e., no
significant interaction between sex and subspecies). Therefore, the interaction term was dropped
from the model and only main effects of sex and subspecies were examined. After testing for
overall morphology differences, I conducted univariate tests to determine whether subspecies
differed in each of the six measurements. I used a Bonferroni correction by setting alpha equal
to 0.008 (0.05/6 tests). For an assessment of morphometric variation independent of the a priori
subspecies groupings, I conducted a series of linear regressions using PROC REG in which
morphometric characters were set as the dependent variable and geographic distance (as
measured by longitude) as the independent variable.
Environmental Variability
Estimates of mean annual temperature and annual precipitation were obtained from the
Bioclim model implemented in DIVA-GIS (Hijmans et al. 2001) from 15 point localities
spanning the range of A. latirostris. Using these estimates, I conducted two simple linear
regressions with SAS V9 using PROC REG in which geographic distance was set as the
independent variable and annual mean temperature and annual precipitation as dependent
variables.
Results
Genetic Diversity
A total of 351 nucleotides of mtDNA was sequenced from 145 individuals of A.
latirostris. These sequences encompassed 52 mtDNA haplotypes. Excluding outgroups, 243
(69.2%) sites were invariant, 37 (10.5%) were variable but uninformative, and 71 (20.2%) were
parsimony informative. Aligned mtDNA sequences appeared to be of mitochondrial rather than
nuclear origin. They contained no stop codons, overlapping fragments contained no conflicts,
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and codon positions contained expected relative levels of polymorphism. A total of 288
nucleotides of Βact3 was sequenced from 74 individuals. Excluding the outgroup, 358 (95%)
sites were constant, 19 (5%) were variable but uninformative, and 13 (3.4%) were parsimony
informative.
Phylogenetic Analysis
MtDNA
Analyses of the 52 unique mtDNA haplotypes produced an ML tree with three major
clades corresponding to three main refugial areas in the Guineo-Congolian forest (UG, WLG,
ELG, Figure 3.1). Two of these clades were supported by >90% bootstrap values and high
Bayesian posterior probabilities (Figure 3.2). The clade consisting of ELG and montane East
African individuals was supported by ML bootstrapping (85%), but not by Bayesian analysis
(p<0.75 posterior probability). Average genetic distances among these three well-supported
haplogroups ranged from >10% between UG and WLG to >6.6% between WLG and ELG.
Within each of these groups averaged distances ranged from 0.7% in WLG to 3.6% in ELG (Ituri
Forest to Ufipa Plateau). The MP haplotype network (Figure 3.3) depicts the same three major
groupings as ML and Bayesian analyses, and provides a clearer picture of the haplotype diversity
within the ELG clade (Figure 3a, c).
Starting at the base of the tree (Figure 3.2) the first clade corresponded to the UG
refugium (Figure 1). It comprised five haplotypes, two from Liberia and three from Ghana. No
haplotypes were shared between these two groups (Figure 3.3a,b), which were an average of
1.9% divergent.
The second well-supported clade corresponded to the WLG refugium. Relationships
within the clade were largely unresolved, with the exception of high Bayesian support for the
branch uniting five of seven haplotypes unique to CAR. Maximum levels of divergence among
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individuals in this region were similar to those found within UG (<1.7%), and average
divergence among localities was 0.5%.
The third group, although not well supported, was geographically restricted to lowland
and montane localities in East Africa (Figure 3.3a,c). The first haplogroup consisted primarily of
birds from three lowland localities from DRC and Uganda (Ituri and Irangi Forests, and Semliki
National Park). Within this group were two common haplotypes, separated by a single mutation,
shared by individuals from Ituri forest in DRC and its southeastern most extension, Semliki
National Park in Uganda. Together these two haplotypes provided the backbone of the lowland
ELG haplogroup. Embedded within this group were two haplotypes from birds collected in the
montane Albertine Rift region. One of these was from an individual collected in Bwindi
National Park in southwestern Uganda. The other was an individual collected near Kahuzi-Biega
National Park in eastern DRC. This haplotype was three steps removed from the backbone.
Despite shared haplotypes, members of this lowland haplogroup were 2% divergent from
neighboring populations in the Albertine Rift. Within the Albertine Rift was a core haplotype
shared by 40 individuals from eight localities (Figure 3c). Thirteen haplotypes were separated
from this core by a single mutation. Included in these thirteen haplotypes was one of the two
individuals sampled from Irangi forest, a lowland site. This was the only lowland individual
with a montane haplotype. The small distances found in birds from the Kenyan Highlands
contrasted with the sizable divergence values found among neighboring lowland ELG and
Albertine Rift haplogroups The seven individuals from the Aberdare Mountains in the Kenyan
Highlands shared a single haplotype. This haplotype was separated from the lowland ELG
haplogroup by a single step (Figure 3b), yet it was divergent by 1.5% from the Albertine Rift
haplogroup and 3% from the Ufipa Plateau population. Finally, the eight individuals from Mbizi
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Figure 3.2. Maximum Likelihood tree of unique Andropadus latirostris mtDNA haplotypes.
Numbers above branches are Bayesian posterior probabilities. Numbers below branches are
Maximum Likelihood bootstrap proportions from 100 replicates. Branches left blank received
<0.95 posterior probability or <60% bootstrap support. Refer to Appendix 1 for locations of
sampled haplotypes.
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Figure 3.3. Map with generalized locations of individuals sampled and maximum parsimony
network estimated for Andropadus latirostris. The ellipses represent unique haplotypes, and
their sizes correspond to frequencies of occurrence. Each line connecting two haplotypes
represents a single mutational step (substitution) separating them; cross hatches through these
lines represent additional steps. Numbers along lines indicate five or more steps separating
haplotypes. Size of ellipses are drawn to scale within each box but are not comparable between
boxes (a, b, and c).
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forest in the Ufipa Plateau of Tanzania comprised two haplotypes. One was shared by seven of
eight individuals; the other was a single step away.
Overall mtDNA haplotype diversity was high, with at least one unique haplotype in each
population (Table 3.2). The most diverse localities, in terms of polymorphic sites and nucleotide
diversity (π), were CAR, Irangi Forest, Mt. Tshiabirimu, and the Rwenzori Mtns. Among pooled
localities genetic diversity was highest in UG. Western Lower Guinea, ELG lowland, and
Albertine Rift populations were nearly identical, and Ufipa Plateau and Kenya Highlands were
the least variable populations (Table 3.2). Population expansion was inferred for three of six
pooled localities (Table 3.2).
Nuclear DNA
ML analysis of the nuclear intron produced a largely unresolved tree. Only one clade
was supported with high bootstrap support. It consisted of individuals from the Ufipa Plateau
and three samples from two localities in the Albertine Rift (Kibale Forest and Idjwi Island).
Although the phylogenetic tree is largely unresolved, the intron data indicate significant
geographic structure in the spatial distribution of haplotypes. Twenty-two of the 128 phased
Βact3 haplotypes were unique. Nine were shared among localities. Of these, the most common
was shared among 65 individuals representing nine localities. This haplotype reached its greatest
frequency in the Albertine Rift, where it was the most common haplotype at every locality
(Table 3.3). It was also found in low frequencies in Ituri Forest. One of the two geographically
widespread haplotypes was found from the Kenya Highlands to Equatorial Guinea. This
haplotype reached its highest frequency in the Kenya Highlands, where it is the only one, but it
was also present in low frequencies in AR, lowland ELG, CAR, and EG. All remaining
haplotypes were either restricted to a single collecting locality or shared within a major group
identified by mtDNA. Two (haplotypes 4 and 8) were found only in montane regions. Haplotype
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Table 3.2. Genetic characteristics of Andropadus latirostris mtDNA sequences.
No. of
Locality

N

haplotypes

haplotypes

All individuals
Upper Guinea
Liberia
Ghana
Western Lower Guinea
Cameroon
Equatorial Guinea
Gabon

145
15
3
12
22
2
5
5

52
5
2
3
13
1
3
4

Central African Republic
Lowland ELG
Ituri Forest
Irangi Forest
Semliki Natl. Park
Albertine Rift
Idjwi Island
Mt. Tshiabirimu
Kahuzi Biega Natl. Park
Echuya Forest
Ngoto (Bwindi Natl. Park)
Nteko (Bwindi Natl. Park)
Rwenzori
Kibira Natl. Park
Kibale Forest Reserve
Kenya Highlands
Aberdare Mtns.
Ufipa Plateau
Mbizi Forest

10
22
16
2
4
71
6
3
12
4
3
9
18
7
9

8
7
4
2
3
25
2
3
6
2
3
5
6
4
4

7

1

1(7)*

8

2

13(7)*, 14*

47*, 50(2)*
6*, 7(9)*, 35(2)*
15(2)*
30, 31(3), 41*
30, 31(2), 33*, 34*
31(2), 36*, 37*, 38(2)*, 39*, 40*, 51*,
52*
8(7), 9(7)*, 10*, 11*
43*, 44*
8(2), 10, 12*
2(5), 42*
2, 45*, 46*
2(7), 16, 18, 22, 48*, 49*
2(3), 26*
23*, 24*, 25*
2(4), 18, 27(2)*, 28*, 29*
2(13), 8, 19*, 20*, 21*, 32*
2(2), 17*, 18(3), 22
2(5), 3(2), 4*, 5*
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No.
Polymorphic
sites Total
(avg.)

diversity (π)

Fu's Fs

Tajima's
D

79 (13)
10 (2.7)
1 (0.67)
3 (0.64)
14 (2.2)
3 (1.2)
5 (2)

0.039+/- 0.019
0.007+/- 0.005
0.002+/- 0.002
0.002+/- 0.002
0.006+/- 0.004
N/A
0.003+/- 0.003
0.006+/- 0.004

-8.96
0.99
0.20
-0.18
-8.26
N/A
-0.19
-1.01

-0.13
-0.46
0
-1.18
-1.56
N/A
-1.05
-1.12

9 (2.6)
14 (2.2)
3 (1.2)
8 (8)
4 (2.3)
35 (1.9)
3 (1)
7 (4.7)
12 (2.1)
4 (0.5)
5 (3.3)
6 (2)
12 (1.73)
4 (2)
3 (0.83)

0.007+/- 0.005
0.006+/- 0.004
0.003+/- 0.002
0.022+/- 0.024
0.007+/- 0.005
0.006+/- 0.004
0.003+/- 0.002
0.013+/- 0.011
0.006+/- 0.004
0.001+/- 0.002
0.009+/- 0.008
0.005+/- 0.004
0.005+/- 0.003
0.006+/- 0.004
0.002+/- 0.002

-4.03
-0.8
0.12
2.08
0.36
-21.53
1.61
0.31
-1.16
0.17
-0.08
-0.85
-0.87
-0.13
-1.42

-0.77
-1.58
0.9
-1
0.65
-2.36
-1.23
0
-1.94
-0.61
0
-0.41
-1.87
1.08
-0.94

N/A

N/A

N/A

N/A

1 (0.25)

0.001+/- 0.001

-0.18

-1.05

Nucleotide

4 was found in the Albertine Rift localities Idjwi and Kibale, but it occurred at highest frequency
in the Ufipa Plateau. Haplotype 8 was restricted to Ufipa Plateau. Several haplotypes were also
restricted to the lowlands. One was found in equal frequencies in Ituri, CAR, EG, and Ghana
(hap. 7), and one common CAR haplotype appeared in Ituri. Five haplotypes were found only in
Ghana.
AMOVA and Mantel Tests
AMOVA of the mtDNA provided strong support for geographically based population structure
under every partitioning scheme (Table 3.4). Among population variance explained by the
mtDNA data under the subspecies partition was 83% (P<0.001). The variance explained by
collecting locality was 89% and nearly identical to that of pooled localities. The AMOVA of
Βact3 also indicated significant geographic structure among localities (58%, P<0.001).
Geographic and genetic distances across the entire distribution of sampling sites were not
correlated for either locus (Mantel tests; P=0.15 and P=0.46 for mtDNA and βact3 respectively).
Estimates of Migration
I used the nuclear intron data to estimate migration-rate parameters (m1 and m2) among
lowland regions in Upper and Lower Guinean forests for a relative yet quantitative assessment of
the degree of genetic exchange between neighboring and distant localities. Comparisons
between Upper and Lower Guinean populations indicated little to no genetic exchange between
the two major forest blocks. Within Lower Guinea, a non-zero peak in the posterior probability
distribution of m1 indicated asymmetrical genetic exchange from CAR to Equatorial Guinea
(Figure 3.4f, Table 3.5). The only genetic exchange among groups identified by mtDNA was
between CAR and lowland ELG; a moderate level occurred from CAR into Ituri (Figure 3.4c).
Migration rate estimates among the four regions in East Africa varied (Table 3.5, Figure
3.4). Asymmetrical rates occurred in all but two comparisons, which were both effectively zero:
56

Table 3.3. Genetic characteristics of Andropadus latirostris βact3 sequences.
Locality
All individuals
Upper Guinea
Ghana
Western Lower Guinea
Equatorial Guinea
Central African Republic
Eastern Lower Guinea lowland
Ituri Forest
Irangi Forest
Albertine Rift
Idjwi Island
Mt. Tshiabirimu
Kahuzi Biega Natl. Park
Bwindi Natl. Park
Rwenzori
Kibira Natl. Park
Kibale Forest Reserve
Kenya Highlands
Aberdare Mts.
Ufipa Plateau
Mbizi Forest

N

No. of
haplotypes

128

22

6
16
4
10
10
8
2

6
11
3
8
10
6
2

7, 12*, 13*, 14*, 15*, 16*

1 (3), 2, 3, 5, 6, 11
21*, 22*

6 (2.9)
11 (2.7)
3 (1.7)
9 (2.7)
-3.4
6 (2.57)
7

8
2
14
8
12
8
20

3
1
1
1
2
1
5

1 (4), 4 (3), 20
1 (2)
1 (14)
1 (8)
1 (10), 10 (2)
1 (8)
1 (14), 2 (2), 3, 4 (2), 5*

6 (3.25)
N/A
N/A
N/A
4 (1.2)
N/A
7 (1.78)

0.011 +/- 0.007
N/A
N/A
N/A
0.004 +/- 0.003
N/A
0.006 +/- 0.004

2.75
N/A
N/A
N/A
2.86
N/A
0.37

1.89
N/A
N/A
N/A
-0.3
N/A
-0.32

12

1

2 (12)

N/A

N/A

N/A

N/A

14

3

4 (9), 8 (4)*, 9*

2 (0.58)

0.002 +/- 0.001

-0.21

-0.2

Haplotype

2 (2), 7, 10
2, 6, 7, 10 (3), 11, 17*, 18*, 19*
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No. Polymorphic
sites Total (avg.)

Nucleotide
diversity (π)

Fu's Fs

Tajima's D

17 (3)

0.01 +/- 0.006

-6.70

-0.10

0.01 +/- 0.007
0.006 +/0.009 +/0.012 +/0.009 +/0.024 +/-

0.005
0.006
0.007
0.006
0.025

-3.34
-7.60
-0.13
-3.91
-3.05
-1.98
1.95

0.67
-0.68
0.17
-0.65
-0.06
-0.31
-1

Ufipa Plateau and Kenya Highlands, and Ufipa Plateau and lowland ELG. Posterior probability
distributions suggested a low level of movement into the Kenya Highlands from the Albertine
Rift (Figure 3.4a). Estimates of genetic exchange between Ufipa Plateau and the Albertine Rift
(Figure 3.4b) showed a similar pattern, in which a non-zero peak in the distribution indicated
genetic interchange from the Albertine Rift into the Ufipa Plateau but little or none in the other
direction. Between Kenya Highlands and lowland ELG, there was evidence of movement from
lowland ELG into Kenya Highlands but none in the other direction (Figure 3.4d). A similar
pattern occurred in the comparison between Albertine Rift and lowland ELG with a non-zero
peak from lowland ELG into the Albertine Rift (Figure 3.4e).
Morphometric Analysis
Multivariate analysis of variance of the six morphological characters revealed significant
differentiation among subspecies in both males and females: Wilks’ λ=0.35, F12, 92=5.41,
P<0.001, and Wilks’ λ=0.38, F12, 98=50.6, P<0.001 for males and females respectively. Overall,
and for every character, males were significantly larger than females regardless of subspecies.
Subspecies also differed in overall size (Table 3.6, Figure 3.5). Tarsus length and tail length
differed significantly among each subspecies. A. l. congener had shorter wings than A. l.
latirostris and A. l. eugenius, which both had shorter wings than A. l. saturatus. Bill depth was
significantly less in A. l. congener than in the other subspecies. Bill length was significantly
greater in A. l. latirostris than the others. Bill width differed significantly between A. l.
latirostris and A. l. eugenius. The relationship between characters size and geographic distance,
determined by linear regression, was highly significant for all characters except bill width.
Environmental Variability
Linear regression analysis of mean annual temperature and annual precipitation against
geographic distance indicated a significant relationship between temperature and location across
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Table 3.4. Analysis of Molecular Variance (AMOVA) of Andropadus latirostris
haplotypes (mtDNA top, βact3 below). Haplotypes are partitioned by subspecies (top),
collecting localities (middle), and pooled collecting localities (below) for mtDNA
haplotypes.
mtDNA
Sum of
Variance
Source of Variation
d.f. Squares
component
% of variation
Among subspecies
Within subspecies

3
141
144

721.82
260.95
982.77

9.08
1.85
10.93

Source of Variation

d.f.

Sum of
Squares

Variance
component

Among localities
Within localities

19
123
142

861.59
91.19
952.78

6.37
0.74
7.11

d.f.

Sum of
Squares

Variance
component

6
138
144

864.77
117.99
982.77

8.45
0.855
9.305

Source of Variation

d.f.

Sum of
Squares

Variance
component

Among localities
Within localities

13
116
129

117.42
76.46
193.89

0.9208
0.66
1.58

Total

Total

Source of Variation
Among pooled localities
Within pooled localities
Total

83.06
16.94

% of variation
89.57
10.43

% of variation
90.18
9.19

βact3

Total
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% of variation
58.28
41.72

Table 3.5. Non-zero maximum-likelihood estimates (MLE) and 90% highest posterior
density (HPD) intervals of migration rate estimates (m1 and m2) for pairwise
comparisons between sampling localities of Andropadus latirostris.
Comparison
m1
m2
East Africa localities
Albertine Rift and Kenya Highlands
MLE
90% HPD
Albertine Rift and Lowland ELG
MLE
90% HPD
Albertine Rift and Ufipa Plateau
MLE
90% HPD
Kenya Highlands and Lowland ELG
MLE
90% HPD
Lowland localities
Central African Republic and Lowland ELG
MLE
90% HPD
Central African Republic and Equatorial Guinea
MLE
90% HPD
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1.42
0.01-7.48

0.01
0.01-7.11

0.015
0.02-25.3

7.275
1.67-22.64

1.205
0.03-6.61

0.005
0.01-6.05

0.005
0.12-9.59

2.585
0.4-9.51

10.04
4.67-28.93

0.02
0.02-25.5

10.785
5.09-29.99

0.02
0.02-25.67

Figure 3.4. Non-zero posterior probability distributions of model parameters (m1 and m2)
estimated using IM for pairwise comparisons between collecting localities of Andropadus
latirostris. Note the difference in scale in plots c, e, and f.
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Table 3.6. Results of MANOVA and univariate ANOVAs between four described subspecies
of Andropadus latirostris in six morphological characters.
Sample size
d.f
Mean square
F
P
Wilks' lambda
Wing
Tarsus
Tail
Culmen length
Bill width
Bill depth

N=258
N=259
N=242
N=251
N=254
N=246

18
4
4
4
4
4
4
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0.31
792.63
37.68
2407.18
32.74
2.54
6.43

17.73
80.9
54.38
49.77
28.08
3.84
21.74

<.0001
<.0001
<.0001
<.0001
<.0001
0.0048
<.0001

Figure 3.5. Box plots of lsmeans from univariate responses for each of the six morphometric
characters for males and females combined. Significant differences (with a Bonferroni adjusted
alpha value=0.008) are represented by boxes with different letters.
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the distribution of A. latirostris (R2=0. 39, P<0.001). Warmer temperatures occurred in the west
and graded into cooler temperatures in the east. Precipitation showed no such relationship to
location (R2=0.059, P>0.05).
Discussion
Diversification and Biogeography Across the Guineo-Congolian Forest
Morphological and molecular comparisons of Andropadus latirostris provide strong and
consistent support for extensive diversification in both lowland and montane regions of the
Afrotropics. The patterns of diversity are consistent with a history of allopatric divergence
followed by range expansion. Across the Guineo-Congolian forest, three reciprocally
monophyletic groups (UG, WLG, and ELG) are distributed among the three major hypothesized
refugial areas. The degree of mtDNA divergence among these groups (6-10% averaged
divergence) is equal to or higher than among morphologically distinct lowland rainforest species.
Within the Pycnonotidae, two species in the genus Bleda (B. eximia and B. canicapilla) are
12.8% divergent in their ND3, and Andropadus gracilis and A. curvirostris are 11.7%,
Andropadus gracilis and A. ansorgei are 8.2%, and Phyllastrephus albigularis and P. xavieri are
7.9% divergent (Moyle and Marks 2006). Moreover, the lack of correlation of genetic
divergence with geographic distance, as well as the highly significant AMOVA results for both
mtDNA and nuclear gene comparisons, suggest a long history of evolutionary independence and
that these regional populations probably represent incipient species.
Phylogenetic analysis of the nuclear intron did not support monophyly of the three
lowland refugial groups, but this is not unexpected given relatively slow lineage sorting in the
nuclear genome (Moore 1995, Edwards et al. 2005). Even so, the distribution of nuclear
haplotypes and their frequencies suggest substantial lineage sorting corresponding to the
boundaries of the mtDNA lineages. Finally, the peaks in the posterior probability distributions
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for estimates of migration among these three areas were zero for all comparisons except for one
(CAR to Ituri; Figure 4c), thus corroborating limited genetic exchange among these regions.
There is also evidence for extensive diversification within each of these regions.
Biogeography
Upper Guinea
Within the UG forest block are two reciprocally monophyletic mtDNA groups, one from
Liberia and one from Ghana (Figures 3.2 and 3.3). Several authors (Crowe and Crowe 1982,
Prigogine 1988) suggested that the UG refugium is a composite of two separate refugia. The
first was centered in Sierra Leone/Liberia, the second in Ghana. The pattern of mtDNA diversity
in the UG forests fits perfectly the scenario of recent isolation in these two hypothesized refugia.
Neither of the UG haplogroups showed evidence of recent demographic expansion. However,
relatively small sample sizes, combined with the large gap in sampling between the two
localities, preclude a firm conclusion about distributional limits for these haplogroups.
Western Lower Guinea
Both loci show evidence of demographic expansion within the WLG region. This is due largely
to one population, CAR, which may have expanded eastward from its origin on the western side
of WLG. Alternatively, the expansion inferred for CAR could be westward from a Congo Basin
refugium, followed by periods of genetic admixture with populations that originated in WLG
proper. Laurent (1973) proposed just such a Congo Basin refugium, centered on the left bank of
the Congo River. The existence of this refugium is based on coincident patterns of endemic
mammals, reptiles, and amphibians. Additional distributional patterns of fish (Poll 1971),
gastropods (Fairbridge 1970), birds (Prigogine 1988), and primates (Colyn et al. 1991) have
corroborated its existence.
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Estimates of migration revealed asymmetrical genetic exchange from CAR into
Equatorial Guinea (Figure 3.4f, Table 3.5). This suggests that the demographic expansion may
have been a westward expansion of the CAR population from its origin in the Congo Basin
refugium. Additional sampling (of individuals and molecular data) throughout this region would
help to clarify whether the regional diversity originated in a single WLG refugium or multiple
refugia. Either way, the pattern of shared and unique geographically restricted mtDNA
haplotypes coupled with high clade support suggests historical independence and distributional
limits for this mtDNA haplogroup.
ELG Lowland and Montane Region
In East Africa there is evidence for at least two major periods of diversification. The first
wave of diversification separated the Ufipa Plateau from the Albertine Rift, Kenya Highlands,
and lowland ELG. Historical independence of the Ufipa Plateau population from other montane
regions is corroborated by several patterns of variation in mitochondrial and nuclear DNA. First,
in all cases the highest divergence in this region is between populations of the Ufipa Plateau and
other areas. The Ufipa Plateau population is equally divergent from Albertine Rift (3%) and
Kenya Highlands (3.1%) populations, supporting a simultaneous splitting of the Ufipa Plateau
population. Second, phylogenetic analyses and haplotype networks of mtDNA and nuclear loci
independently recovered well-supported clades or haplotype groups consisting of all individuals
from Ufipa Plateau. The mtDNA haplotypes of this region are unique and highly divergent those
of the nearest populations. The nuclear intron comprised three haplotypes in this area. Two
were unique, and one was shared with three individuals from two localities in the Albertine Rift.
Third, as indicated by IM analyses, genetic exchange between Ufipa Plateau and other montane
regions was extremely limited. The only instance of genetic exchange was inferred to have
occurred from the Albertine Rift into Ufipa Plateau, but none occurred in the opposite direction.
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This pattern is consistent with estimates of migration in the White-starred Robin (Pogonocichla
stellata) between the same localities (Bowie et al. 2006). Bowie et al. (2006) concluded that the
appearance of migration was more likely to be retained ancestral polymorphism than
contemporary gene flow. Large genetic distances and low levels of estimated migration suggest
that this may also be the case for A. latirostris. Finally, behavioral differences support the
evolutionary independence of A. latirostris on the Ufipa Plateau: it is vocally distinct from other
A. latirostris populations (Sibley and Heinrich 1966).
Following isolation of the Ufipa Plateau, the Albertine Rift (AR) populations diverged
from neighboring lowland populations. Nevertheless, both loci indicate genetic exchange among
these neighboring highland and lowland populations. Two AR haplotypes are found in the
lowlands, and one from the lowlands is found in the AR. Migration rates based on Βact3 suggest
asymmetrical genetic movement from the lowlands into the highlands, which might have been
facilitated through Semliki forest, the easternmost extension of the Congolian forest, which lies
at the base of the Rwenzori Mountains.
The Central Kenya Highlands split next from the Albertine Rift populations. These two
montane regions are 1.5% divergent from one another, and no mtDNA or nuclear haplotypes are
shared between them. However, there is evidence for a low level of asymmetrical genetic
exchange from the Albertine Rift into Kenya Highlands.
Finally, a single mtDNA nucleotide change separates the Kenya Highlands from ELG
lowland (Figure 3). The low degree of genetic differentiation among the core Kenya Highland
haplogroup and lowland ELG haplogroups, coupled with estimates of migration from Βact3,
suggests that the Kenya Highland populations were probably founded by migrants from the
lowland forests of East Africa. Gene flow between these regions could have been facilitated
during past humid periods via population expansion concurrent with expanding forest habitats.
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Alternatively, contemporary gene flow may be occurring via long distance dispersal or in a
stepping stone fashion through the isolated, relictual Congolian forests of Uganda (Mabira) and
western Kenya (Kakamega).
Patterns of molecular variation of both mtDNA and nuclear loci provide evidence of
montane and lowland diversification in two spatial scales in A. latirostris. Across the GuineoCongolian forest there are three highly supported mtDNA haplogroups that correspond to the
locations of three main refugial areas. Lineage sorting between these is complete in mtDNA and
nearly so in the nuclear intron. On a more local scale, there is evidence for continued
diversification within each of these three reciprocally monophyletic groups.
Morphometric Diversification
Andropadus latirostris increases in size along a west to east gradient. This is a surprising
result because it is generally assumed that the lowland forests of Africa are ecologically and
structurally homogeneous (Diamond and Hamilton 1980, Smith et al. 2005). Although we have
known for a long time that birds vary dramatically across the habitat gradients along the
periphery of the Guineo-Congolian forest block and along steep elevation gradients (Chapin
1923, 1932, Moreau 1954), the intra-forest gradient was previously unknown.
This sort of clinal variation can occur through a balance between natural selection and
migration (Endler 1979), or genetic drift and migration (Slatkin and Maruyama 1975, Felsenstein
1978). The substantial geographic structure among (and within) the three major geographic
lineages, without isolation by distance and with low levels of genetic exchange, suggests that the
loci examined in this study are not in equilibrium across the distribution of A. latirostris.
Because these major haplotype groups probably represent incipient species, the geographic
correspondence of morphometric variation with groups defined by genetic markers suggest that
drift alone might explain the observed pattern of morphometric variation. On the other hand, the
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directionality of morphometric change is consistent with the size relationships predicted by
Bergmann’s Rule (Rensch 1938, Mayr 1956). That is, the populations of a widespread species
that are largest in body size typically inhabit colder, drier climates. This pattern of geographic
variation is typically viewed as an adaptive response to varying selective pressures along
latitudinal or elevational gradients (Millien et al. 2006). In these adaptive explanations, latitude
and elevation per se are not the presumed selective forces, but rather they serve as proxies for
correlated environmental variables. The two environmental variables most often implicated as
diversifying agents in Bergmann clines are temperature (Brown and Lee 1969, Partridge and
Coyne 1996), and precipitation (Ashton et al. 2000, Millien et al. 2006). Across the GuineoCongolian forest there are abrupt transitions from lowland to montane forests in the Cameroon
Highlands, and the mountains of the Albertine Rift. However, environmental variation due to
changes in elevation cannot account for the morphometric differences between A. l. congener
and A. l. latirostris because all of the samples in this study from these subspecies are from
lowland sites (<1000m). Another possibility is that these environmental variables vary across
this expanse without abrupt elevation changes. The significant correlation between mean annual
temperature and geographic distance along this transect and the corresponding increasing size of
morphometric characters suggest that morphological diversification could be driven in part by
local adaptation along a longitudinal temperature gradient. Because these regional haplogroups
appear to be evolving largely independent of one another, a more appropriate test for local
adaptation relative to varying environmental conditions in A. latirostris would involve
investigating microgeographic patterns of variation within one of the reciprocally monophyletic
mtDNA groups. Morphometric and molecular data from transects spanning lowland,
intermediate, and montane elevations in one of these regions (e.g., Cameroon Highlands or select
localities in the Albertine Rift) will help to assess the specific effects of environmental variability
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on morphometric variation at a local scale. Whether driven by drift or selection (or a
combination of both), significant morphometric diversification is evident in A. latirostris across
the Guineo-Congolian forest. Furthermore, the size differences in this species are consistent
with qualitative patterns of plumage variation (based on currently described subspecies) and
patterns of molecular divergence. Rigorous quantitative analyses of plumage variation and
environmental variability across the Guineo-Congolian forest will allow for careful assessment
of the relative roles of ecology, selection, and historical factors in the morphometric
diversification of A. latirostris.
Although the sampling in this study gives the impression of contemporary allopatric
distributions, further sampling may to reveal zones of secondary contact. If this is that case, then
it will be nearly impossible to determine whether these patterns are the product of allopatric or
parapatric diversification. In either case, I have demonstrated significant molecular and
morphometric differentiation within a widespread forest taxon. At least two of the main models
of diversification (lowland and montane refugia), and possibly the third (gradient model) appear
to have played a role the contemporary diversity within a currently described species. To date,
studies seeking to identify processes of diversification in the Afrotropics have pitted causal
evolutionary forces (natural selection vs. genetic drift) or regional diversification (mountains vs.
ecotones vs. lowland forests) against one another in the search for a diversifying mechanism with
general explanatory power. The data presented here demonstrate that combinations of these
evolutionary forces and regions have worked separately and in concert to produce the patterns of
contemporary diversity in A. latirostris.
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CHAPTER 4: PHYLOGEOGRAPHY OF THE GREEN HYLIA (HYLIA PRASINA)
Introduction
Analyses of the distributional patterns of African birds have provided the foundation for
several pervasive themes in biogeography and models of species diversification (Chapin 1923,
1932, Moreau 1954, 1966, Diamond and Hamilton 1980, Fjeldså and Lovett 1997). Two models
of species diversification based on these distributional patterns have received particular attention:
the ecotonal and refugial diversification models. The role of habitat gradients (ecotones) in
diversification is well established. This phenomenon was noted by some of the earliest African
biogeographers, who observed multiple examples of sister species distributed allopatrically
across the forest/savanna ecotone (Chapin 1923, 1932). Indeed, the bird community that inhabits
enclosed forest is almost entirely different from the community in savanna woodlands. This
compositional difference is presumably tied ultimately to selective pressures from spatial
differences in temperature and precipitation (Chapin 1923, 1932, (Moreau 1954). Smith et al.
(1997, 2005) recently demonstrated the ecotonal diversification model empirically by comparing
populations of the Little Greenbul (Andropadus virens) inhabiting closed canopy and open
canopy forests.
The second diversification model, the Refuge Hypothesis, was proposed as a mechanistic
explanation for congeneric and subspecific disjunctions across the (presumably uniform) lowland
forest (Chapin 1932, Moreau 1966, Diamond and Hamilton 1980). For example, of 183 species
restricted to the lowland forest, more than two-thirds consist of pairs of allopatric sister taxa
(Diamond and Hamilton 1980). These taxa tend to cluster into three areas of endemism
(Diamond and Hamilton 1980, Mayr and O’Hara 1986). One area consists of the West African
forests from Sierra Leone to Ghana (UG). Two areas are in the Congo Basin: one in the west
(WLG) and one in the east (ELG, Figure 4.1). The high degree of endemism in each of these
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areas suggests that they represent locations of former forest refuges, areas that remained forested
and buffered from savanna-like habitats wrought by climatic fluctuations through the late
Tertiary and into the Quaternary (Moreau 1954, Diamond and Hamilton 1980, deMenocal 1995,
2004).
No model of rainforest diversification has received more support, or fomented more
debate, than the refuge model. Primary criticism of this model is that divergence times inferred
from molecular data between tropical sister species often predate the Pleistocene. Moritz et al.
(2000) presented a table of divergence times between sister taxa of tropical vertebrates that
demonstrated this trend. However, studies that dispute refugial models on this basis are wanting
in two areas. First, inferred divergence times are rarely based on a molecular clock calibrated
with fossil evidence or other robust means. Second, the refugial diversification model need not
be constrained to climatic fluctuations of the Pleistocene in the Afrotropics. Although long-term
paleoclimatic data are limited for Africa, evidence from Eolian dust deposits from deep-sea cores
(deMenocal 1995, 2004) suggests marked peaks of aridity (and subsequent humidity) throughout
the Plio-Pleistocene. Therefore, the climatic conditions necessary for cyclical redistribution of
habitats (the driving force of this model) appear to have been present in Africa at least as far
back as the early Pliocene. As a result, although pre-Pleistocene divergence among Afrotropical
sister species may be a legitimate argument against the role of Pleistocene climatic fluctuations
in shaping diversity of lowland species, it is not an indictment of the proposed refuge model,
which posits geographic isolation and divergence via genetic drift in allopatric lowland
populations, regardless of timing.
In arguing for the refuge hypothesis, Diamond and Hamilton (1980) examined species
that are largely restricted in geographic distribution. Such species fit the refuge model well.
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Figure 4.1. Sampling localities for Hylia prasina samples used in this study and hypothesized
locations of refugial areas in the Afrotropical lowlands adapted from Mayr and O’Hara (1986,
light shading surrounded by dotted lines), and Prigogine (1988, darker shaded areas).
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However, 53 species that are lowland forest inhabitants are broadly distributed across the
Guineo-Congolian forest. They are found in areas of endemism as well as in the intervening
forest. Such widespread species are assumed to lack substantial geographic variation (Mayr and
O’Hara 1986, Roy 1997, Roy et al. 2001, Fjeldså et al. 2005, 2007). As a result, Roy (1997),
Roy et al. (2001), Fjeldså et al. (2005, 2007), and others have recently begun to argue that
montane regions, not lowlands, are the main centers of diversification for Afrotropical birds.
This assumption, though rarely tested with detailed analyses (Bowie et al. 2004, Beresford and
Cracraft 1999), has led to the widely espoused view that lowland rainforests, rather than acting
as centers of contemporary change, represent biological ‘museums’ in which elements of ancient
diversification are conserved (Fjeldså 1994, Fjeldså et al. 2006, 2007).
The idea that diversification of birds in lowland rainforest is slow has been supported by
comparisons of lowland and montane communities on two continents. Weir (2006) assessed
relative diversification rates of montane and lowland groups of Amazonian birds. He found the
rate of diversification in lowland birds has been relatively slow since the Miocene. However,
montane birds in the adjacent Andes have exhibited a relatively fast rate of diversification over
that same time period, and especially within the last million years. Support specific to the
Afrotropics comes from an analysis of the greenbuls and bulbuls in the family Pycnonotidae
(Fjeldså et al. 2007). Fjeldså et al. (2007) constructed a supertree using published molecular
phylogenies that portrayed the radiation of African bulbuls. Then they estimated relative ages of
each taxon based on the number of nodes between the terminal taxa and the basal node of the
consensus tree. These relative ages were compared to the distribution of each terminal taxon.
New species (with large tip to base distances) tended to have small geographic ranges and
congregated in montane areas, whereas old, widespread species dominated the lowlands.
However, the conclusions of these studies may have been biased by their reliance on inadequate
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classifications. For example, phylogeographic studies have repeatedly demonstrated that many
widespread rainforest species that appear outwardly uniform actually comprise a remarkable
degree of geographically structured genetic diversity (e.g., Beresford and Cracraft 1999 in
Africa; Zou et al. 2007 in Southeast Asia; Marks et al. 2002, Cheviron et al. 2005 in South
America; Miura and Edwards 2001 in Australia). Evidence of substantial cryptic variation in
lowland forest species suggests that an intraspecific framework may be the most appropriate
approach to detect lowland organismal diversity and assess the refugial diversification model.
Here, I examine the phylogeography of the Green Hylia (Hylia prasina), a species, in a
monotypic genus traditionally placed in a broadly defined Sylviidae, that occurs primarily in the
understory and mid-stratum of primary and mature secondary forests of Africa. Typically found
alone or in pairs, it feeds primarily on insects gleaned from leaves and vine tangles. Two
subspecies are described (Watson et al. 1986, Dickinson 2003). Nominate H. p. prasina is
widely distributed across the Guineo-Congolian forest from western Gambia through central
Angola to western Kenya. The second, H. p. poensis, is found only on islands in the Gulf of
Guinea and is defined by its whiter throat.
An important question concerning H. prasina is whether this species varies genetically
across Guineo-Congolian forest. The existence of a single mainland subspecies suggests that it
does not, but the common occurrence of cryptic variation in tropical settings and the existence of
putative refugia suggest it might. If lowland rainforests have acted as museums and conserved
ancient diversity rather than fomented speciation, then genetic and morphometric homogeneity,
or genetic diversity without geographic structure within H. prasina is likely. On the other hand,
if refugia have played an important role in shaping Afrotropical diversity, then allopatric
divergence corresponding to the possible location of hypothesized refugia is likely.
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Materials and Methods
MtDNA of complete ND3 and a portion of ND2 were sequenced for 35 individuals of
Hylia prasina (Table 4.1). Based on the phylogenetic hypotheses of Sefc et al. (2003) and
Barker et al. (2004), I selected two relatively close outgroup taxa and obtained their DNA
sequences from GenBank: the Eurasian Reed Warbler (Acrocephalus scirpaceus, GenBank no.
AM889139), and the Tit-Hylia (Pholidornis rushiae, GenBank no. AY136586). DNA was
amplified and sequenced using the primer sets L10755 and H11151 for ND3 (Chesser 1998), and
L5215 (Hackett 1996) and H6113 (Slikas et al. 2000) for ND2. Total genomic DNA was
extracted from muscle using the reagents and protocols provided with the QIAamp Tissue Kit
(QIAGEN). PCR amplification followed protocols detailed in Marks et al. (2007) and
sequencing reactions followed the manufacturer’s protocols (ABI Big Dye 3.1). Sequences were
analyzed on an ABI 377 automated DNA sequencer. DNA was sequenced in both directions and
verified and aligned using Sequencher 3.1.1 (Gene Codes, Ann Arbor, MI).
Phylogeographic Analysis
An appropriate maximum likelihood (ML) tree-building model was identified using
Modeltest 3.06 (Posada & Crandall 1998) under the Akaike Information Criterion (GTR+I with
the proportion of invariable sites set to 0.589). ML tree searches were conducted using PAUP*
(Swofford 2002) with ten random addition sequence replicates. Support for nodes was assessed
by ML bootstrap analyses with 100 replicates and Bayesian analysis using MrBayes 3.1
(Ronquist & Huelsenbeck 2003) and the same model as the ML analysis. Two independent runs
with four chains each were conducted for 2,000,000 generations and sampled every 1000
generations. The first 500 trees from each run were discarded as a burn-in, and the remaining
3000 trees were used to construct a majority-rule consensus tree. A likelihood ratio test was
performed to test clock-like molecular evolution. Likelihood scores of ML trees with and without
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Table 4.1. Sampling localities for Hylia prasina samples used in this study
Voucher No. Source Country
Locality
357295
357296
357297
357299
357300
357301
357302
385170
385171
391775
396661
396662
396663
396664
396665
396666
429609
429610
429612
429613
429615
429690
429691
389401
N15070
N16073
N10061
DOT 2110
DOT 10579
DOT 10605
DOT 12480
DOT 2003
DOT 2035
DOT 2547
DOT 2564

FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
NMNH
NMNH
NMNH
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH

Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Uganda
Uganda
Uganda
Ghana
Ghana
Ghana
Ghana
Ghana
Ghana
Central African Republic
Central African Republic
Central African Republic
Central African Republic
Central African Republic
Central African Republic
Central African Republic
Gabon
Gabon
Gabon
Gabon
Central African Republic
Central African Republic
Central African Republic
Central African Republic
Liberia
Liberia
Liberia
Liberia

Ituri Forest, Mambasa, Epulu
Ituri Forest, Mambasa, Epulu
Ituri Forest, Mambasa, Epulu
Ituri Forest, Mambasa, Epulu
Ituri Forest, Mambasa, Epulu
Ituri Forest, Mambasa, Epulu
Ituri Forest, Mambasa, Epulu
Bwindi National Park, Ngoto Swamp
Bwindi National Park, Ngoto Swamp
Budongo Forest, Nyabyeya Forestry College
Assin Foso, ca 30 km S
Assin Foso, ca 30 km S
Assin Foso, ca 30 km S
Assin Foso, ca 30 km S
Assin Foso, ca 30 km S
Assin Foso, ca 30 km S
Parc National de Dzanga-Ndoki, Mabea Bai
Parc National de Dzanga-Ndoki, Mabea Bai
Parc National de Dzanga-Ndoki, Mabea Bai
Res Spec Foret Dense de Dzanga-Sangha, 12.7 km NW Bayanga
Parc National de Dzanga-Ndoki, 38.6 km S Lidjombo
Parc National de Dzanga-Ndoki, 38.6 km S Lidjombo
Parc National de Dzanga-Ndoki, 38.6 km S Lidjombo

Sangha-Mbare Prefecture, Bayanga
Sangha-Mbare Prefecture, Bayanga
Sangha-Mbare Prefecture, Bayanga
Sangha-Mbare Prefecture, Bayanga
Lofa County, 1km E, 10 1/2 km N OF Ziggidia, 540M
Lofa County, 1km E, 10 1/2 km N OF Ziggidia, 540M
Lofa County, 1km E, 10 1/2 km N OF Ziggidia, 540M
Lofa County, 1km E, 10 1/2 km N OF Ziggidia, 540M
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a molecular clock enforced were compared and the ratio was computed as 2(ln Lclock-ln Lno-clock)
under the assumption of a χ2 distribution and degrees of freedom equal to N-2, where N is the
number of taxa. A haplotype network was constructed using Network v4.5. An initial median
joining network was calculated and screened using the MP option (Polzin and Daneschmand
2003) to delete superfluous median vectors and links that are not contained in the shortest trees in
the networks.
Population Genetic Analysis
I used ARLEQUIN v. 3.0 (Excoffier et al. 2005) to calculate pairwise Fst values among
sampling localities. Localities without significant Fst values were pooled in subsequent
analyses. Pooling resulted in five post hoc geographic localities representing Liberia, Ghana,
Gabon, Central African Republic (samples from four localities; CAR), and ELG (samples from
three localities in Democratic Republic of Congo and Uganda). Several measures of genetic
diversity were calculated, including the total and average number of polymorphic sites per
population, the number of haplotypes in a population, and nucleotide diversity (π). To test for
selective neutrality and evidence of demographic expansion, Tajima’s D and Fu’s Fs were
calculated for actual and pooled localities. I conducted analysis of molecular variance
(AMOVA, Excoffier et al. 1992) under three partitioning schemes. Haplotypes were grouped by
1) three hypothesized refugial areas (UG, WLG, ELG), 2) the 10 actual collecting localities, and
3) the 5 pooled collecting localities. The significance of the variance under different partitioning
schemes was tested with a permutation procedure (1000 replicates, Excoffier et al., 1992). To
test for an association between genetic and geographic distance (isolation by distance) among
sampling localities, I conducted Mantel tests. Distances between collecting localities were
measured as straight-line distance in kilometers. For comparisons between Upper and Lower
Guinean localities, I set a waypoint in Cameroon to approximate the likely dispersal path (as
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opposed to the straight line which would have required crossing over the Gulf of Guinea).
Genetic distances were calculated as Fst and pairwise distances. Significance of Mantel tests
was assessed with 10000 randomizations.
Morphometric Analysis
To assess the degree of morphometric differentiation within H. prasina, I measured six
standard morphological characters in 112 museum specimens in the collections of The Field
Museum and LSU Museum of Natural Science: UG n=32, WLG n=63, ELG n=36. Individuals
were grouped into three partitions representing the major divisions within the Guineo-Congolian
forest (UG, WLG, and ELG). Wing chord (maximum length of the unflattened longest primary
feather) was measured with a wing chord ruler to the nearest 0.5mm. Tail length (from the
uropygial gland to the tip of the central rectrices) was measured with a straight ruler to the
nearest 0.5 mm. Dial calipers were used to measure tarsus length (from the tibiotarsus joint to
the distal scute) and three bill measurements (to the nearest 0.1 mm): bill length (from the
anterior edge of the nares to the tip of the maxilla, width, and depth (at the posterior edge of the
nares). I conducted a multivariate analysis of variance (MANOVA) in SAS V9 using PROC
GLM. I tested whether sexes or subspecies differed in their morphology using the six
measurements. A preliminary analysis showed that males always had larger features than
females regardless of subspecies (i.e. no significant interaction between sex and subspecies), and
therefore the interaction term was dropped from the model and only main effects of sex and
subspecies were examined. After testing for overall size difference, I conducted univariate tests
to determine whether the two sexes and subspecies differed for each of the six measurements.
Significance was assessed using a Bonferroni correction by setting alpha equal to 0.008 (0.05/6
tests).
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Results
A total of 1132 nucleotides of mtDNA was sequenced, consisting of 781 bp of ND2 and 351 bp
of ND3 from 35 individuals of Hylia prasina (Table 4.1). These sequences encompassed 32
mtDNA haplotypes. Excluding outgroups, 750 (66.3%) sites were constant, 205 (18.1%) were
variable but parsimony uninformative, and 177 (15.6%) were parsimony informative. Aligned
mtDNA sequences appeared to be of mitochondrial rather than nuclear origin. Sequences
contained no stop codons, overlapping fragments contained no conflicts, and codon positions
contained the expected relative levels of polymorphism. A likelihood ratio test rejected a model
of clock-like evolution (P<0.001).
Maximum likelihood and Bayesian analyses recovered the same overall topology. There
was a general lack of support for relationships among five highly supported clades (Figure 4.2).
The one exception was high bootstrap and posterior probability support for a sister relationship
between Gabon and CAR haplogroups. The MP haplotype network recovered the same five
haplotype clusters (Figure 4.3). Differences among analytical methods were only evident in
minor rearrangements among terminal taxa. A strong geographical orientation was evident
among the five haplogroups, with each one representing a hypothesized refugial area (Figure
4.1). The first one consisted of individuals from Liberia, the second individuals from Ghana, the
third individuals from Gabon, the fourth individuals from the sampling localities of CAR, and
the fifth with individuals from the three sampling localities of ELG.
Genetic Diversity Indices
Overall haplotype diversity was high with only two shared haplotypes. One haplotype was
shared by three of the four individuals sampled from Liberia. Another haplotype was shared
between two individuals in ELG (one each from Ituri Forest and Bwindi National Park). Despite
the overall haplotype diversity, genetic diversity within localities, as assessed by the average
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Figure 4.2. Maximum Likelihood tree of Hylia prasina mtDNA haplotypes. Numbers above
branches are Bayesian posterior probabilities. Numbers below branches are Maximum
Likelihood bootstrap proportions from 100 replicates. Thickened branches received <0.95
posterior probability and/or <75% bootstrap support.
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Figure 4.3. Map with generalized locations of individuals sampled and maximum parsimony
network estimated for Hylia prasina. The ellipses represent unique haplotypes, and their sizes
correspond to frequencies of occurrence. Each line connecting two haplotypes represents a single
mutational step (substitution) separating them; cross hatches represent additional steps.
Numbers along lines indicate five or more steps separating haplotypes. Filled black circles
represent missing (unsampled) haplotypes.
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number of polymorphic sites and nucleotide diversity (π), was low and values for each locality
were similar (Table 4.2). The average number of polymorphic sites within a locality ranged
from 3.8 (0.3%) in Ghana to 5.9 (0.5%) in Ituri Forest. In contrast to the low levels of genetic
diversity within localities, genetic diversity, as assessed by Fst and genetic distances,
betweenlocalities was high (Table 4.3). The largest averaged genetic distances were between
Liberia and Gabon, and CAR and ELG (>5%). The lowest divergence was between CAR and
Gabon (1.7%). Tests of population expansion revealed a signal of recent demographic
expansions for Ghana, CAR, and ELG (Table 4.3).
AMOVA and Mantel Tests
Despite high overall haplotype diversity, AMOVA revealed highly significant geographic
structure in every partition tested (P<0.001) and, thus, agreed with the phylogeographic
hypothesis. When individuals were partitioned into three groups representing the three major
divisions in the forest, nearly 72% of the genetic variation was distributed among groups.
Among-group variation peaked with individuals grouped by collecting localities (91%), which
was nearly identical to that among pooled localities (89%). This strong geographic structure is
also evident in the lack of a correlation between genetic and geographic distance (P>0.2 for
Mantel tests based on Fst and genetic distances).
Morphometric Analysis
Multivariate analysis of variance in morphology revealed significant differentiation in
four of the six characters among the three major forest blocks. For every character, males were
significantly larger than females regardless of regional affiliation; Wilks’ λ=0.325, F6, 107=36.97,
P<0.001. The three main refugial regions also differed in their overall morphology; Wilks’
λ=0.618, F12, 214=4.84, P<0.001 (Table 2.4, Figure 2.4). Bill width differed significantly among
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Table 4.2. Genetic diversity indices for sampled localities of Hylia prasina.
Locality

N

No. of
haplotypes

Upper Guinea
Liberia
4
2
Ghana
6
6
Western Lower Guinea
Gabon
4
4
Central African Republic
11
11
Eastern Lower Guinea lowland
10
9
Ituri Forest
7
7
Budongo
1
1
Bwindi
2
2
Bold values for Fu's Fs and Tajima's D are significant at P<0.05

No. Polymorphic
sites Total (avg.)

Nucleotide
diversity (π)

Fu's Fs

Tajima's D

9 (4.5)
10 (3.8)

0.004 +/- 0.003
0.003 +/- 0.002

3.78
-2.73

-0.83
-0.79

10 (5)
28 (5.3)
26 (5.6)
19 (5.9)
N/A
7 (4.6)

0.004 +/- 0.003
0.005 +/- 0.003
0.005 +/- 0.003
0.005 +/- 0.003
N/A
0.004 +/- 0.003

-0.52
-6.67
-3.21
-1.34
N/A
0.31

-0.83
-2.02
-1.85
-2.62
N/A
0
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Table 4.3. Average pairwise sequence divergence (above diagonal) and Fst (below diagonal)
between haplotypes belonging to the five haplogroups in Figure 2.3.
1
2
3
4
5
1
2
3
4
5

ELG
Gabon
CAR
Ghana
Liberia

0.905
0.905
0.899
0.900

0.051
0.722
0.900
0.918

0.051
0.017
0.881
0.909
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0.043
0.038
0.036
0.921

0.047
0.051
0.050
0.045
-

the three regions. Wing length in UG and WLG was significantly shorter than in ELG. Tail and
tarsus length displayed opposite patterns from one another. Tails were longer in ELG than
WLG, but neither region differed from UG. Tarsi were longer in UG than WLG, but length in
neither region differed significantly from that in ELG. Bill length and depth did not differ
significantly among the three regions.
Discussion
Refugial Diversification Model
If isolation in refugia played an important role in the diversification of H. prasina, then
geographic variation should fit three predicted patterns. First, allopatric differences should
coincide with the hypothesized locations of refugia (Haffer 1969, 1974). Phylogeographic
analysis reveals five well supported, highly divergent haplogroups that are distributed almost
exactly in accordance with the hypothesized locations of forest refugia: one each in Liberia,
Ghana, Gabon, CAR, and ELG (Figure 3a). Several authors (Crowe and Crowe 1982, Prigogine
1988) suggested that the UG refugium is a composite of two separate refugia, the first centered
in Sierra Leone-Liberia and the second in Ivory Coast-Ghana. The pattern of mtDNA diversity
in the UG forest fits perfectly the scenario of isolation and divergence in these two hypothesized
refugia. Within the Lower Guinean forest block are three allopatric haplogroups. Two are
centered in the generally accepted core refugial areas, WLG and ELG. The third, the CAR
haplogroup, may have originated in a Congo Basin refugium. Laurent (1973) proposed this
refugium, centered on the left bank of the Congo River. Its boundaries are based on coincident
patterns of endemic mammals, reptiles, and amphibians. Additional distributional patterns of
fish (Poll 1971), gastropods (Fairbridge 1970), birds (Prigogine 1988), and primates (Colyn et al.
1991) have corroborated its existence. The recent demographic expansion inferred for the CAR
haplogroup could represent a westward expansion from its origin in this Congo Basin refugium.
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Table 4.4. Results of MANOVA and univariate ANOVAs between the three main refugial
populations of Hylia prasina in six morphological characters.
Sample size
d.f
Mean square
F
P
Wilks' lambda
Wing
Tarsus
Tail
Bill length
Bill width
Bill depth

N=122
N=122
N=121
N=119
N=118
N=117

12
2
2
2
2
2
2

0.618
91.45
3.157
39.03
0.299
0.68
0.029
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4.84
14.37
4.68
7.26
1.25
7.15
0.77

<0.001
0.001
0.007
0.001
0.29
0.001
0.47

Figure 4.4. Box plots of univariate responses for each of the six morphometric characters for
males and females combined. The horizontal bar in the middle of each box shows the median
value of y for the group. The box itself represents the interquartile range. Bars around the boxes
depict the maximum and minimum values of y. Significant differences (with a Bonferroni
adjusted alpha value=0.008) are represented by boxes with different letters.
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The ELG haplogroup is comprised of individuals from localities up to 250 km apart (Ituri Forest
to Bwindi National Park). Genetic diversity in this group is low. There was a strong signal of
population expansion for this haplogroup, mostly due to the samples from Ituri Forest.
The second prediction of the Refuge Model is that allopatric differentiation results primarily
from genetic drift. Presumably, large ancestral populations were reduced in size when isolated in
small islands of suitable habitat during periods of aridification and concomitant forest
contraction. These small populations would lend themselves to rapid fixation of a subset of the
alleles in the ancestral population due to founder events or gradual genetic drift. The observed
genetic structure of mtDNA across the range of Hylia is consistent with this pattern. There are
low levels of differentiation within haplogroups and substantial divergences among haplogroups.
In addition, MANOVA and ANOVA revealed significant differences between at least two of the
main refugial areas in four of the six morphometric characters. These morphometric differences
may be the result of adaptation to local habitats (as discussed in chapter 3) or some other
selective force not yet identified. However, the lack of any consistent trend to the geographical
pattern of significant morphometric variation is consistent with the stochastic change predicted
by drift.
The third prediction of the Refuge Model is that populations should have split from one
another during the Plio-Pleistocene. Evidence from Eolian dust deposits document shifts toward
more arid conditions in Africa at least three times within the Plio-Pleistocene ca. 2.8, 1.7, and 1.0
million years ago (deMenocal 1995, 2004). For the Hylia data, there are no robust calibration
points to inform local clock molecular dating analyses, and I have had to apply the widely used
2%/million years rate of avian evolution with all of its uncertainties and caveats to date splits
among populations (Moritz et al. 2000, Lovette 2004, Warren et al. 2005). Use of this
calibration is even more tenuous for Hylia because a global molecular clock is rejected for its
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mtDNA data. With the 2% rate, the divergence dates inferred from levels of mtDNA divergence
of H. prasina haplogroups (Table 4) fall well inside the Plio-Pleistocene, and they coincide
remarkably well with the inferred peaks of aridity (and subsequent humidity) suggested by
deMenocal (1995, 2004).
Sampling, Gene Flow, and Lingering Isolation of Populations
No haplotypes are shared among the highly diverged haplogroups of Hylia. This
observation raises the question as to why genes are not flowing among sampled populations.
Perhaps not enough time has passed for genes to travel from one refugial center to another, or,
more likely, perhaps barriers inhibit gene flow among refugial populations. Unfortunately, the
sampling of Hylia in this study is inadequate to provide direct information on gene movement in
much of the forested area of central Africa. Sampling of Hylia was relatively limited, and it
emphasized populations inhabiting refugial areas. However, at least in some cases, we can infer
even without adequate sampling that barriers in the forest representing contact zones among
parapatric populations are inhibiting gene flow. This is likely the case for the Gabon and CAR
populations, for example, whose haplogroups differ by only 2% divergence and thus have not
been separated from one another much time or distance. One possible mechanism preventing
gene flow between such populations may be temporal isolation. Contemporary gene flow
between these groups may be impeded by differences in breeding seasons. Many temperate
birds cue primarily on photoperiod to initiate reproduction (Wingfield and Farner 1993, Moore et
al, 2005). Food availability, temperature, and rainfall are variables often associated with
photoperiod variability, and these are used as supplementary cues to fine-tune breeding to local
environments (Wingfield and Kenagy 1991). In contrast, photoperiod in the tropics is relatively
homogenous, especially near the equator (Moreau 1950). As a result, tropical birds must rely on
other cues such as food availability, temperature and rainfall, which vary locally, to initiate
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breeding condition. Data on peak breeding seasons are scarce for most Afrotropical birds, but
what little is known suggests substantial geographic variation (Urban et al. 1997). In Hylia
peaks in laying dates vary substantially across its range, and local populations exhibit little
overlap with neighboring populations. For example, within the Upper Guinean forest block,
laying dates in Liberia peak in November and December, in Ivory Coast they peak in March
through June, and in Ghana they peak in August. Closer to the equator, where wet and dry
seasons are less pronounced (but still exist), temporal variation in reproductive activity is still
evident. In Gabon laying dates peak in November through April, whereas in Central African
Republic they peak in August. Uganda has two peak nesting times coinciding with the onset of
the two pronounced wet seasons: one in April-May, and the other in August through October.
More data are needed to assess the extent to which these general patterns based on limited
observations hold. Coupled with direct observations from the field, museum specimens with
detailed information about breeding condition will be particularly useful in this regard.
Lowland Forest “Museums” and Conservation Priorities
The characterization of lowland forests as “museums” is primarily based on the
widespread distributions of lowland species (Fjeldså et al. 2007). The Hylia prasina data
demonstrate that even within a currently described subspecies, genetic diversity can be
substantial and, more importantly, exhibit significant geographic structure masked by
concomitant phenotypic homogeneity.
The unrecognized genetic and morphometric variation in Hylia prasina highlights an
issue of substantial conservation importance for African rainforests. It suggests that a great deal
more diversity exists than is currently expressed in taxonomy, even in a group as well studied as
birds. Currently recognized species considered well protected from extinction by virtue of their
broad distributions may in fact encompass several evolutionarily significant units that are
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vulnerable to extinction through habitat loss. Thus, the potential damage to biodiversity caused
by local extirpation through habitat destruction could be even greater than already expected for
African rainforests.
Dillon and Fjeldså (2005) addressed the effect that applying different species concepts
might have on the overall patterns of endemism in Africa. They analyzed patterns of endemism
derived from the standard database of Sub-Saharan bird distributions (i.e., a precursor to Hansen
et al. 2007) under either a phylogenetic species concept or a biological species concept. They
concluded that overall patterns of species richness and endemism did not change dramatically
between the two species concepts. Although the overall pattern did not change, increased
resolution of species within montane areas of endemism (e.g., Albertine Rift and Eastern Arc
Mountains) was provided under the phylogenetic species concept. However, the phylogenetic
species in their dataset were largely based on subspecies with discrete plumage variation or, in
the few cases in which intraspecific molecular data were available, reciprocal monophyly. As a
result, most of the splitting of biological species that comprised their phylogenetic species data
set was in the montane avifauna where the majority of the few available phylogeographic studies
have been focused (Roy 1997, Roy et al. 2001, Bowie et al. 2006, summarized in Kahindo et al.
2007). As discussed above, many species restricted to lowland forests lack discrete plumage
variation. Their morphological homogeneity, coupled with the dearth of phylogeographic
studies, prevented Dillon and Fjeldså (2005) from recognizing lowland taxa in their phylogenetic
species dataset. Given the improved resolution within already known montane areas of
endemism under the phylogenetic species concept, new patterns of endemism will likely emerge
in the lowlands as the information necessary to inform a phylogenetic species database become
available. Studies such as this are the first step to providing such information.
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The database of African bird distributions that was used by Dillon and Fjeldså (2005) is
also widely used in macroecological studies (Jetz and Rahbek 2001, 2002, Jetz et al. 2004),
which in turn are increasingly used to inform decisions about areas in need of conservation
prioritization (Hurlbert and Jetz 2007). In all such work, distributional information in range
maps serves as the fundamental unit of analysis. It is no wonder, therefore, that the notion of
African lowland forest as museums rather than centers of diversification is perpetuated and
incorporated into conservation plans. In a synthesis of current approaches to conservation
prioritization, Brooks et al. (2006) characterized the entire Congo Basin (as well as lowland
Amazonia and New Guinea) as areas with low vulnerability, but high irreplaceability. The
implication of that conclusion was that habitat loss in part of the Congo Basin would not result in
a major loss of biodiversity because most species are widespread and suitable habitat exists in
other parts of the extensive forest. Moreover, Brooks et al. (2006) specifically mentioned
ecotonal and montane areas as regions of special conservation interest because they represent
areas of “evolutionary process”. Although, there is strong support for these regions as important
evolutionary staging grounds (Chapin 1923, Moreau, 1954, Smith et al. 1997, 2005, Fjeldså and
Lovett 1997), the data presented here suggest that they need not be considered more important
than lowland forests. Indeed, since ecotonal areas increase in size with deforestation, their
conservation priority should probably be downgraded.
The patterns of morphological and genetic variation within the mainland subspecies of
Hylia prasina suggest a history of allopatric diversification via genetic drift in five lowland
forest refugia during the Plio-Pleistocene. To discover whether the cryptic geographic variation
evident in H. prasina occurs generally in Afrotropical birds will require more phylogeographic
studies of widespread codistributed species. If the pattern of cryptic diversity found in H.
prasina is the rule for lowland forest taxa rather that the exception, then distributional databases
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will need to be revised to reflect this diversity, and conservation policy makers may need to
rethink their priorities for habitat preservation.
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CHAPTER 5: CONCLUSIONS
Understanding the mechanisms that promote diversification is one of the primary goals of
evolutionary biology, but this endeavor has proven difficult in non-model systems. Logistical
and financial problems associated with working in faraway places make it especially problematic
in tropical areas where diversity is highest. Nevertheless, it is important to ‘ground truth’ the
results from model systems with data from naturally occurring populations. The focus of my
dissertation was the diversification of birds endemic to the lowland rainforest of Africa.
Early studies of diversification in the Afrotropics relied heavily on analyses of
distributional data. These early analyses identified two alternative but non-exclusive models of
diversification that have stood the test of time. The first, the gradient model, evoked natural
selection across habitat barriers as the diversifying agent (Chapin 1923). The second, the
refugial model, implicated genetic drift in allopatric populations (Moreau 1954, Diamond and
Hamilton 1980). The latter can be further subdivided into lowland and montane refugial models.
Studies of Afrotropical birds based on molecular data have provided support for the gradient
model (Smith et al. 1997, 2005) and the montane refugial model (Roy 1997, Roy et al. 2001,
Fjeldså et al. 2007), but rarely for the lowland refugial model (Beresford and Cracraft 1999).
This lack of support for diversification in widespread lowland species led to the widely espoused
view that widespread species endemic to the lowland forests are large, freely interbreeding
populations. In my dissertation I have demonstrated that at least three such species are not
panmictic throughout their range. Instead, they exhibit significant molecular and morphometric
geographic variation. Moreover, although the aforementioned hypotheses of rainforest
diversification are often presented as competing hypotheses, the data presented here suggest that
combinations of evolutionary forces and regions have worked together to produce the
contemporary diversity in the Afrotropics. Several of the predictions of both lowland and
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montane refugial diversification models are evident in these taxa by the strong signature of
genetic drift in mtDNA haplogroups endemic to hypothesized refugial areas. In addition to
support for lowland and refugial diversification models, there may be support for the gradient
model in the pattern of morphometric diversification in Andropadus latirostris. Furthermore,
each of these taxa exhibits spatiotemporal variation in peak breeding season that could maintain
the diversity that originated in allopatry.
In Chapter 2 I studied phylogeography of the Red-tailed Bristlebill. Sampled haplotypes
from localities throughout its distribution were highly divergent from one another and
geographically structured. The geographic orientation of six major haplogroups coincides
perfectly with the hypothesized locations of lowland refugia; one each in Liberia, Ghana, Gabon,
two in CAR, and one in eastern DRC and Uganda. Furthermore, the pattern of morphometric
variation is consistent with the pattern (or non-pattern) predicted by the stochastic nature of
genetic drift. Together these results are taken as evidence for a history of isolation and
divergence via genetic drift, potentially driven by cyclical redistributions tied to habitat
fluctuations throughout the late Tertiary and into the Quaternary. There was also some
indication that the Sangha River in Central African Republic may act as a barrier to gene flow
for this taxon. Although rivers as barriers have been frequently reported for rainforest birds in
the Neotropics, this is the first case for a bird in the Afrotropics. Somewhat surprisingly, given
the high levels of genetic differentiation among geographic haplotype groups, there was also a
significant ‘isolation by distance’ pattern in this species. This pattern is usually taken as an
indication of migration drift equilibrium. However the strong geographic structure of the
sampled haplotypes, even between localities separated by only 30 km, suggests that this is not
the case. A model of allopatric diversification maintained in presumably currently parapatric
populations by spatial asynchrony in optimal breeding seasons is briefly introduced. A cursory
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investigation showed that all three of the species studied in the previous chapters show similar
patterns of spatiotemporal variation in the peaks of their breeding seasons. To augment support
for this model, further sampling will be needed to identify contact zones between haplogroups, as
will detailed studies of temporal variation of breeding seasons in the field and of museum
specimens.
In Chapter 3 I examined the phylogeography of the Yellow-whiskered Greenbul. The
broad elevation tolerance of this taxon, which occurs from sea-level to >2700m, allowed for an
assessment of the roles of montane and lowland refugial diversification models. As in Hylia
prasina and Bleda syndactylus, patterns of variation in mitochondrial and nuclear DNA revealed
significant geographic structure in this taxon. However, unlike H. prasina and B. syndactylus,
patterns of molecular and morphometric variation in Andropadus latirostris were largely
congruent with currently described subspecific boundaries. For example AMOVA revealed a
highly significant proportion of the molecular variance was distributed among four traditional
subspecies. Furthermore, A. latirostris increases in size along a longitudinal gradient, with each
of its subspecies from west to east becoming progressively larger. Given substantial divergences
among major mtDNA haplotype groups and a high degree of nuclear DNA lineage sorting
among these groups, the pattern of morphometric diversity may be the result of genetic drift
among independently evolving lineages. However, the directionality of morphometric change is
consistent with the size relationships predicted by Bergmann’s rule (i.e., larger populations of
widespread species typically occur in cooler, drier environments). Therefore, an alternative
explanation for the pattern of morphometric diversity in A, latirostris is adaptation along this
longitudinal gradient. A linear regression of mean annual temperature along this same gradient
indicates that temperature decreases as size increases. This correlation suggests that local
adaptation in response to variables influenced by temperature could have played a role in
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morphometric diversification of this taxon. Although complicated by the fact that there are few
places in Africa where contiguous forest spans an elevation range from lowland into montane
forest, a more appropriate test of local adaptation in response to varying environmental variables
would involve an analysis within one of these groups along a transect spanning lowland to
montane habitats. Possible locations for such an analysis include the Cameroon Highlands, and
select regions within the Albertine Rift (Rwenzori Mountains, Kahuzi-Biega National Park, or
possibly Mt. Kabobo).
In Chapter 4, I investigated the phylogeography of the Hylia prasina using a combination
of mtDNA sequence data and analysis of six morphometric characters. A high degree of
molecular diversity was found within a single widespread subspecies. Moreover, significant
geographic structure was evident in the molecular data. The morphometric data indicated
significant differences among a priori groups representing three hypothesized refugia. Together
the spatial structure of the data suggests diversification in allopatry via genetic drift, a finding
consistent with the predictions of refugial diversification. Moreover, the patterns of geographic
variation reveal groups that are endemic to hypothesized refugial areas. Therefore, subspecies
level taxonomy does not reveal the diversity evident in mtDNA. The occurrence of genetic and
morphometric variation within a single subspecies highlights the need for taxonomic revision.
This need is imperative, especially because distributional patterns of African rainforest species
based on current classification are being incorporated into conservation prioritization plans.
Each taxon investigated in my dissertation exhibits slight variations on a theme, pointing
to a common evolutionary history. I propose the following model within the ‘friendly’ confines
of a PhD. Thesis, while recognizing that the limited sampling on which it is based inevitably
provides an incomplete picture of the underlying complexity of the system. Initial speciation
events within extant lowland rainforest genera probably took place toward the end of the
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Miocene. Subsequently, these species were subject to several waves of intense climatic
variability, which changed the distribution of their native habitats. The initial stages of
intraspecific divergence occurred in allopatry via genetic drift through repeated episodes of
population contraction and expansion. The dynamic redistribution of populations resulted in
substantial accrued genetic, morphometric, and behavioral divergence, which provided the
isolating mechanisms at zones of secondary contact between expanding fronts. As a result, the
contemporary distributions of what appear outwardly to be a few widespread species actually
comprise many genetically, morphometrically, and behaviorally distinct evolutionary units that
have eluded recognition by researchers because of their lack of discrete plumage variation.
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APPENDIX. SAMPLING LOCALITIES AND VOUCHER INFORMATION FOR SAMPLES ANALYZED IN CHAPTER 3
Genus

Species

Subspecies

Source

Catalog No.

βact3

Country

Andropadus

latirostris

eugenius

FMNH

357965

x

Burundi

Andropadus

latirostris

eugenius

FMNH

357967

x

Burundi

Andropadus

latirostris

eugenius

FMNH

357968

x

Burundi

Andropadus

latirostris

eugenius

FMNH

357969

x

Burundi

Andropadus

latirostris

eugenius

FMNH

357970

Burundi

Andropadus

latirostris

eugenius

FMNH

346292

Burundi

Andropadus
Andropadus
Andropadus

latirostris
latirostris
latirostris

eugenius
latirostris
latirostris

FMNH
LSUMNS
LSUMNS

Andropadus

latirostris

latirostris

FMNH

429448

x

Central African Republic

Andropadus
Andropadus
Andropadus
Andropadus

latirostris
latirostris
latirostris
latirostris

latirostris
latirostris
latirostris
latirostris

FMNH
FMNH
FMNH
FMNH

429449
429439
429440
429441

x

Central African Republic
Central African Republic
Central African Republic
Central African Republic

Andropadus

latirostris

latirostris

FMNH

429443

x

Central African Republic

Andropadus

latirostris

latirostris

FMNH

429445

x

Central African Republic

Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus

latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris

latirostris
latirostris
latirostris
eugenius
eugenius
eugenius
eugenius

FMNH
AMNH
AMNH
FMNH
FMNH
FMNH
FMNH

429446
DOT 12479
DOT 12478
429731
429732
429733
429735

x

Central African Republic
Central African Republic
Central African Republic
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo

346297
B27061
B27063

Burundi
Cameroon
Cameroon

x
x
x
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Locality
Bukinanyama, Giserama, Kibira National
Park
Bukinanyama, Giserama, Kibira National
Park
Bukinanyama, Giserama, Kibira National
Park
Bukinanyama, Giserama, Kibira National
Park
Bukinanyama, Giserama, Kibira National
Park
Teza, 2.3 km N, 1.9 km W, Kibira National
Park
Teza, 2.3 km N, 1.9 km W, Kibira National
Park

Parc National de Dzanga-Ndoki, 38.6 km S
Lidjombo
Parc National de Dzanga-Ndoki, 38.6 km S
Lidjombo
Parc National de Dzanga-Ndoki, Mabea Bai
Parc National de Dzanga-Ndoki, Mabea Bai
Parc National de Dzanga-Ndoki, Mabea Bai
Res Spec Foret Dense de Dzanga-Sangha,
12.7 km NW Bayanga
Res Spec Foret Dense de Dzanga-Sangha,
12.7 km NW Bayanga
Res Spec Foret Dense de Dzanga-Sangha,
12.7 km NW Bayanga
1KM N. BAYANGA
1KM N. BAYANGA
Idjwi Island, Washiha Forest
Idjwi Island, Washiha Forest
Idjwi Island, Washiha Forest
Idjwi Island, Washiha Forest

Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus

latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris

eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
latirostris
latirostris
latirostris
latirostris
latirostris

FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
ZMUC
ZMUC
ZMUC
ZMUC
ZMUC
ZMUC
ZMUC
ZMUC
ZMUC
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
ANSP
ANSP
ANSP
ANSP
ANSP

431099
431100
437540
437541
357179
357180
357181
357182
357183
357186
357193
122050
122055
122065
122071
122072
122090
122099
122106
122129
437545
437546
437547
438800
438801
438872
438802
438803
438804
438805
438876
434512
434513
434514
434520
11310
11313
11320
11324
11326

x

x
x

x

x
x

x

x
x
x
x
x

x
x
x
x

Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Democratic Republic Congo
Equatorial Guinea
Equatorial Guinea
Equatorial Guinea
Equatorial Guinea
Equatorial Guinea
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Idjwi, Nyamusisi Forest
Idjwi, Nyamusisi Forest
Irangi
Irangi
Mambasa, Epulu, Ituri Forest
Mambasa, Epulu, Ituri Forest
Mambasa, Epulu, Ituri Forest
Mambasa, Epulu, Ituri Forest
Mambasa, Epulu, Ituri Forest
Mambasa, Epulu, Ituri Forest
Mambasa, Epulu, Ituri Forest
Mambasa, Epulu, Ituri Forest
Mambasa, Epulu, Ituri Forest
Mambasa, Epulu, Ituri Forest
Mambasa, Epulu, Ituri Forest
Mambasa, Epulu, Ituri Forest
Mambasa, Epulu, Ituri Forest
Mambasa, Epulu, Ituri Forest
Mambasa, Epulu, Ituri Forest
Mambasa, Epulu, Ituri Forest
Mt Tshiabirimu
Mt Tshiabirimu
Mt Tshiabirimu
Lusingula
Lusingula
Lusingula
Lusingula
Lusingula
Mbayo
Mbayo
Tshivanga
Centre de Recherche N.S., Lwiro, 3 mi E
Centre de Recherche N.S., Lwiro, 3 mi E
Centre de Recherche N.S., Lwiro, 3 mi E
Centre de Recherche N.S., Lwiro, 3 mi E
Monte Alen
Monte Alen
Monte Alen
Monte Alen
Monte Alen

Andropadus
Andropadus

latirostris
latirostris

latirostris
latirostris

FMNH
FMNH

396355
396331

Gabon
Gabon

Andropadus

latirostris

latirostris

FMNH

389313

Gabon

Andropadus

latirostris

latirostris

FMNH

389319

Gabon

Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus

latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris

latirostris
congener
congener
congener
congener
congener
congener
congener
congener
congener
congener
congener
congener
saturatus
saturatus
saturatus
saturatus
saturatus
saturatus
saturatus
congener
congener
congener
saturatus
saturatus
saturatus
saturatus
saturatus
saturatus
saturatus
saturatus
eugenius
eugenius

FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
ZMUC
ZMUC
ZMUC
ZMUC
ZMUC
ZMUC
ZMUC
ZMUC
ZMUC
ZMUC
AMNH
AMNH
AMNH
ZMUC
ZMUC
ZMUC
ZMUC
ZMUC
ZMUC
ZMUC
ZMUC
FMNH
FMNH

396330
396572
396573
396575
396576
396577
396578
396579
396580
396612
121987
121988
122003
124217
124228
124252
124253
124264
124331
117570
DOT 6720
DOT 12421
DOT 12419
123312
123332
123338
123339
123350
123351
123352
123401
395998
355308

x

x

x

x
x
x
x
x
x

x
x
x
x
x
x
x

Gabon
Ghana
Ghana
Ghana
Ghana
Ghana
Ghana
Ghana
Ghana
Ghana
Ghana
Ghana
Ghana
Kenya
Kenya
Kenya
Kenya
Kenya
Kenya
Kenya
Liberia
Liberia
Liberia
Tanzania
Tanzania
Tanzania
Tanzania
Tanzania
Tanzania
Tanzania
Tanzania
Uganda
Uganda
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Doussala, 24.3 km NW
Doussala, 25.2 km NW
Minvoul, 28 km ESE, along IOBT trail (PK
29)
Minvoul, 28 km ESE, along IOBT trail (PK
29)
Reserve de la Moukalaba, 12.2 km NW
Doussala
Assin Foso
Assin Foso
Assin Foso
Assin Foso
Assin Foso
Assin Foso
Assin Foso
Assin Foso
Assin Foso
SW Ghana
SW Ghana
SW Ghana
Karisia Hills
Karisia Hills
Karisia Hills
Karisia Hills
Karisia Hills
Karisia Hills
Naro Muro R. Lodge
1 km E, 10 1/2 km N Ziggida, 450M
1 km E, 10 1/2 km N Ziggida, 450M
1 km E, 10 1/2 km N Ziggida, 450M
Mbizi Forest
Mbizi Forest
Mbizi Forest
Mbizi Forest
Mbizi Forest
Mbizi Forest
Mbizi Forest
Mbizi Forest
Bwindi-Impenetrable Nat Park
Choha, 6 km NW Ibanda, Mubuku Valley,

Andropadus

latirostris

eugenius

FMNH

355309

Uganda

Andropadus

latirostris

eugenius

FMNH

355310

Uganda

Andropadus

latirostris

eugenius

FMNH

355313

Uganda

Andropadus

latirostris

eugenius

FMNH

355315

Andropadus

latirostris

eugenius

FMNH

355320

Uganda

Andropadus

latirostris

eugenius

FMNH

355333

Uganda

Andropadus

latirostris

eugenius

FMNH

355334

x

Uganda

Andropadus

latirostris

eugenius

FMNH

355341

x

Uganda

Andropadus

latirostris

eugenius

FMNH

395979

Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus

latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris

eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius

FMNH
FMNH
FMNH
FMNH
FMNH
ZMUC
ZMUC
ZMUC
ZMUC
ZMUC
ZMUC
ZMUC
ZMUC
ZMUC
ZMUC
ZMUC
ZMUC
ZMUC
FMNH
FMNH
FMNH

395980
384894
384895
384896
384897
123116
123140
123164
123165
118982
118984
119000
119016
119017
119115
119121
119133
119134
384883
384886
384892

x

Uganda

Uganda
x

x

x
x
x
x
x
x
x
x
x
x

Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
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Rwenzori Mtns.
Choha, 6 km NW Ibanda, Mubuku Valley,
Rwenzori Mtns.
Choha, 6 km NW Ibanda, Mubuku Valley,
Rwenzori Mtns.
Choha, 6 km NW Ibanda, Mubuku Valley,
Rwenzori Mtns.
Choha, 6 km NW Ibanda, Mubuku Valley,
Rwenzori Mtns.
Choha, 6 km NW Ibanda, Mubuku Valley,
Rwenzori Mtns.
Choha, 6 km NW Ibanda, Mubuku Valley,
Rwenzori Mtns.
Choha, 6 km NW Ibanda, Mubuku Valley,
Rwenzori Mtns.
Choha, 6 km NW Ibanda, Mubuku Valley,
Rwenzori Mtns.
Choha, 6 mi W Ibanda, Mubuku Valley,
Rwenzori Mtns.
Choha, 6 mi W Ibanda, Mubuku Valley,
Rwenzori Mtns.
Echuya Forest Reserve
Echuya Forest Reserve
Echuya Forest Reserve
Echuya Forest Reserve
Forest Camp 1970 m
Forest Camp 1970 m
Forest Camp 1970 m
Forest Camp 1970 m
Kibale Forest Reserve
Kibale Forest Reserve
Kibale Forest Reserve
Kibale Forest Reserve
Kibale Forest Reserve
Kibale Forest Reserve
Kibale Forest Reserve
Kibale Forest Reserve
Kibale Forest Reserve
Ngoto Swamp
Ngoto Swamp
Ngoto Swamp

Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus
Andropadus

latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris
latirostris

eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius
eugenius

FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH
FMNH

384904
384905
384906
384907
384908
384910
384912
384914
384915

Andropadus

latirostris

eugenius

FMNH

355397

Andropadus
Andropadus
Andropadus
Andropadus
Andropadus

latirostris
latirostris
latirostris
latirostris
latirostris

eugenius
eugenius
eugenius
eugenius
eugenius

FMNH
ZMUC
ZMUC
ZMUC
ZMUC

355399
122283
122288
122296
122298

x

x

x

Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda

X

Uganda
Uganda
Uganda
Uganda
Uganda
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Nteko
Nteko
Nteko
Nteko
Nteko
Nteko
Nteko
Nteko
Nteko
Nyabitaba, 10 km NW Ibanda, Mubuku
Valley, Rwenzori Mtns.
Nyabitaba, 10 km NW Ibanda, Mubuku
Valley, Rwenzori Mtns.
Semliki Forest
Semliki Forest
Semliki Forest
Semliki Forest
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